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序論 
 
 私は好きなテレビ番組がある。それは「S1」というスポーツ報道番組の中の「TURNING POINT ア
スリート 覚醒の瞬間」という約５分間のドキュメンタリー番組である。題名からもわかるように、そ
れはアスリートの苦悩と挫折、そして栄光への道筋に焦点を当て、様々な選手の分岐点を紹介している。
そこで紹介される選手たちは、現在日本の第一線で活躍している選手であるが、彼らにも数多くの苦難
があり、それを乗り越えたからこそ、現在の姿があることを教えてくれる。この番組は毎週日曜日に放
送され、負けず嫌いの私にとって翌月曜日からの Driving Force になっている。 
 
 私は今 PhDを取ろうとしているが、ここに至るまでの TURNING POINT を序論では紹介したい。 
 
私は有機化学をやめようと考えたことがある。それは修士１年の９月のことある。私は学部４年から
研究を始めたが、全く成果を挙げることができず、自分には有機化学は向いていないと感じた。やる気
を無くし、就職活動をしようと考えていた。しかし、ふと「本気で取り組んだのだろうか」と考えた。
学校はいつでも辞められるのだから、あと１ヶ月だけ本気でやってみようと思った。研究方針は自分で
考えた。先生や先輩に頼ったら、今までと変わらないからだ。この環境で結果が出せなかったら、私は
有機化学では一流になれないので、辞めるつもりだった。修士１年の１０月は目の色を変えて研究した。
関連する論文は片端から読み漁った。そして思い付いた実験は全て行った。また最新の論文も読み始め
た。絶対に何とかしてやると必死だった。そして来たる１０月３１日に奇跡が起こった。その研究内容
は、本論の第一章で纏めてある。奇跡と呼ぶには痴がましい研究内容であるが、１０月３１日土曜深夜
の出来事は一生忘れない。 
 
本論文が読者の Driving Force になれば本望である。 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5 
 
略語表 
 
Ac : acetyl 
AcOH : acetic acid 
Alloc : allyloxycarbonyl 
Ar : aryl 
Bn : benzyl 
Boc : t-butoxycarbonyl  
Bu : butyl 
Bz : benzoyl 
cat. : catalyst 
Cbz : benzyloxycarbonyl 
conc. : concentrated 
conv. : conversion 
Cy : cyclohexyl 
dba : dibenzylideneacetone 
DBU : 1,8-diazabicyclo[5.4.0]undec-7-ene 
DCE : 1,2-Dichloroethane 
DIBAL : diisobutylaluminum hydride 
DMF : N,N-dimethylformamide 
DMP : Dess-Martin periodinane 
DMSO : dimethylsulfoxide 
dr : diastereomeric ratio 
δ : chemical shift in parts per million downfield from tetramethylsilane 
EDC : 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
ee : enantiomeric excess 
EI : electoron ionization 
eq : equivalent 
ESI : electoron spray ionization 
Et : ethyl 
Et3N : triethylamine 
Et2O : diethyl ether 
EtOAc : ethyl acetate 
h : hours 
HPLC : high performance liquid chromatography 
HRMS : high resolution mass spectrum 
Hz : hertz 
IR : infrared 
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J : coupling constant (in NMR) 
LRMS : low resolution mass spectrum 
LUMO : lowest unoccupied molecular orbital 
M : mol/L 
mCPBA : m-chloroperoxybenzoic acid 
Me : methyl 
min : minute 
mp : melting point 
Ms : methanesulfonyl 
n.d. : not determined 
NMM : N-methylmorpholine 
NMR : nuclear magnetic resonance 
NOE : nuclear overhauser effect 
n.r. : no reaction 
Nu : nucleophile 
Pd-C : palladium carbon 
PG : protective group 
Ph : phenyl 
PMB : p-methoxybenzyl 
PPTS : pyridinium p-toluenesulfonate 
Pr : propyl 
ref : reference 
Rf : rate of flow 
rt : room temperature 
SM : starting material 
TBAI : tetrabutylammoniumiodide 
TBS : tert-butyldimethylsilyl 
TEA : triethylamine 
temp. : temperature 
TES : triethylsilyl 
Tf : trifluoromethanesulfonyl 
TFA : trifluoroacetic acid 
THF : tetrahydrofuran 
TLC : thin layer chromatography 
TMS : trimethylsilyl 
TS : transition state 
Ts : p-toluenesulfonyl 
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第１章 有機触媒を用いるγ－ラクタム類の不斉合成 1 
第１節 研究背景 
１９５４年、Stork らは２級アミンとカルボニル化合物間の縮合で生成したエナミンが、求核剤とし
て働くことで SN2 反応やマイケル付加反応を引き起こし、カルボニル基のα位への選択的な置換基の導
入が可能であると報告した 2。 
続いて１９７１年に Hoffmann-La Roche の Hajos、Parrish、Schering AGの Eder、Sauer、Wiechert
らが独立にアミノ酸の１種であるプロリンを触媒とする分子内不斉ロビンソン環化反応を見出し、エナ
ミンを経由する触媒的不斉アルドール反応の開発に初めて成功した(Scheme 1-1)3。これが有機触媒が高
効率に働いた初めての反応例であると言われている。 
Scheme 1-1. Hajos-Parrish-Eder-Sauer-Wiechert Reaction.
O
O
O
O
OH
(S)-proline (3 mol%)
DMF, rt, 20 h
100%, 93% ee
 
その後暫く有機触媒が世間から注目を集めることはなかったが、２０００年に Barbas、List らがプ
ロリンを触媒としたアセトンとアルデヒドの不斉アルドール反応を報告したのを皮切りに有機触媒は
飛躍的な発展を遂げてきた(Scheme 1-2)4, 5。 
O
H
O
+
(S)-proline (30 mol%)
DMSO
97%, 96% ee
OHO
Scheme 1-2. Proline catalized Aldol reaction reported by B. List et al.
 
その後、数多くの研究の積み重ねによりアミン触媒 6は大きく分けて２種類の触媒機能を持ち合わせ
ていることが判明した。 
１つ目は先にも述べたようにカルボニル化合物とのエナミン形成による各種求電子剤との反応であ
る(Scheme 1-3)7。 
 
２つ目はα、β－不飽和アルデヒドとイミニウムイオンを形成してβ位の求電子性を高める作用であ
る。これによって１，４－付加反応を触媒する(Scheme 1-4)8a。また LUMO の軌道エネルギーを下げ
ることで Diels-Alder 反応の触媒としても働く(Scheme 1-5)8b。 
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Scheme 1-4.  1,4-Addition reaction through iminium catalysis.
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Scheme 1-5. Diels-Alder reaction through iminium catalysis.
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上述のようにアミン触媒は２つの触媒機能を持ち合わせているので、α、β－不飽和アルデヒドに対
してアミン触媒存在下、求核剤及び求電子剤を加えることでα位とβ位に１段階で置換基を導入するこ
とができる。この特性を利用した連続反応の開発が世界各国の研究者によって活発に行われた 9。 
当研究室でもこれまでにプロリン触媒を用いたシンナムアルデヒド誘導体に対する不斉アジリジン
化反応を報告している(Scheme 1-6)10。 
 
本反応では窒素求核剤の窒素原子に脱離基を付けることで窒素原子からのアザマイケル反応とそれ
に続く分子内 SN2 反応によってアジリジン環を構築している。このときに得られた知見を利用し、今回
筆者は窒素求核剤としてフマル酸誘導体のアミドを用い、反応を行うことによって、アミド窒素からの
アザマイケル反応とそれに続く分子内マイケル反応により、３連続不斉中心を有するγ－ラクタム類の
合成ができると考えた(Figure 1-1)。 
 
 
第２節 光学活性ラクタムの不斉合成反応の開発 
 まず反応に用いる窒素求核剤の合成を行った。R がメチル基(1a)、ベンジル基(1b)の窒素求核剤をフ
マル酸モノエチルクロリドと、対応するヒドロキシルアミン誘導体のアミド化反応により合成した
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(Table 1-1)。 
 
R がメチル基、ベンジル基のヒドロキシルアミン誘導体は安価に市販されており、窒素求核剤 1a、1b
は容易に大量合成可能である。 
 得られた 1a を用い、２級アミン触媒存在下、trans-cinnamaldehyde 2 と反応させると、アザマイケ
ル・マイケル連続反応が進行し、ラクタム 3 を得ることに成功した(Scheme 1-7)。またシリカゲルカラ
ムクロマトグラフィーにて主生成物のジアステレオマー3a を単離することに成功し、単離収率 33%に
て得ることができた。さらにアルデヒド 3a を NaBH4によってアルコール 4a とし、エナンチオマー過
剰率の測定を行ったところ、98% ee という非常に高いエナンチオ選択性を示していた。 
  
 
第３節 反応条件の最適化 
続いてジアステレオ選択性及び収率の改善を目指し、反応条件の検討を行った。 
エピメリ化の検討 
まずアルデヒド 3 のジアステレオ混合物に対して、エピメリ化を試みた(Table 1-2)。最初に反応溶媒
と同じトルエンを用い、エピメリ化を試みたが、ジアステレオ選択性に大きな変化は見られなかった
(entry 1)。一方、プロトン性溶媒のエタノールを用いて反応を行うと、ジアステレオマー比を大幅に偏
らせることができ、メジャーなジアステレオマーが 90%以上の割合で得られた(entry 2)。続いて反応温
度を室温から 40 ℃に上げてエピメリ化を試みたが、副生成物が生成し、ジアステレオ選択性も若干低
下してしまった(entry 3)。反応温度を上げてもジアステレオ選択性が改善しなかったので、エピメリ化
によってジアステレオマー比を偏らせるのは 90%程度が限界なのではないかと思われる。そこでエント
リー２の条件を選択し、その後の検討を行うことにした。 
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また、生成物のアルデヒドはシリカゲルカラムクロマトグラフィー中にて一部分解していることが分
かったので、アザマイケル・マイケル連続反応後、反応混合物をエピメリ化させ、続いてアルデヒドを
アルコールに還元後、単離精製を行うことにした(Scheme 1-8)。 
 
 
添加剤の検討 
先述のスキームに従い、まず初めに添加剤の検討を行った(Table 1-3)。 
 
イミニウムカチオンの生成を促進するため、酸を添加したところ、反応速度が向上した。特に酢酸を
加えた際に良好な収率、ジアステレオ選択性、エナンチオ選択性を示した(entry 2)。エピメリ化の検討
(Table 1-2)の結果と比較してジアステレオ選択性が低いのはエピメリ化(K2CO3/EtOH)の時間を短くし
ているためであると考えている。時間の延長によりどれも 90%程度にまでジアステレオ選択性が向上す
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ることが見込まれるが、アルデヒド 3a が不安定であるので収率の低下も予想される。従ってエピメリ
化を短時間に固定することで最初の連続反応におけるジアステレオ選択性と収率が共に良好な反応条
件を見つけ出すことができると考えた。 
 
触媒の検討 
添加剤を 20 mol%の酢酸に固定し、続いて触媒の検討を行った(Table 1-4)。 
 
触媒 5、6 のようなジフェニルプロリノール誘導体では、良好な収率、ジアステレオ選択性、エナン
チオ選択性にて反応が進行した(entries 1,2)。一方プロリン 7 では全く反応が進行せず、原料回収とな
った(entry 3)。また触媒 8 では反応速度の大幅な低下が見られた(entry 4)。そこで良好な結果を与えた
5 を最適の触媒として選択し、その後の検討を行うことにした。 
 
溶媒の検討 
続いて溶媒の検討を行った(Table 1-5)。アジリジン化で最適溶媒であったジクロロメタンではジアス
テレオ選択性及びエナンチオ選択性の低下が見られた(entry 2)。エーテル系溶媒のテトラヒドロフラン、
１，４－ジオキサンでは反応速度が低下した(entries 3,5)。ジエチルエーテルでは反応速度は良好であ
ったものの、収率が低下した(entry 4)。クロロホルムや１，２－ジクロロエタンではジクロロメタンの
場合と同じく、ジアステレオ選択性、エナンチオ選択性の低下が見られた(entries 6,7)。また、エタノ
ールやアセトニトリルのような極性溶媒を用いた際にはエナンチオ選択性の更なる低下が起こり、収率
も低くなるという結果が得られたので、エントリー１のトルエンを最適溶媒とした。 
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濃度の検討 
続いて濃度の検討を行った(Table 1-6)。 
 
濃度を 0.2 M から 0.1 M、0.05 M へと薄くすると、副生成物の生成が抑えられていることが確認され
た。しかしながら 0.05 M にて反応を行った際には反応速度が低下してしまった。そこで 0.05 M の条件
において反応温度を上げることで更なる収率の改善が見込まれるのではないかと考えた。 
 
反応温度及び当量数の検討 
続いて反応温度と当量数の検討を行った(Table 1-7)。 
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 反応温度を室温から 40 ℃に上げ、反応を行うと収率が向上した(entry 1)。また 40 ℃にて反応を行
うと、添加剤の酢酸を加えなくても同様の反応速度にて反応が進行し、さらに収率は酢酸を添加しない
ときの方が良好な結果を与えた(entry 2)。ここまでは 1a を 2 に対して 1.1 当量加え、反応を行ってい
たが、逆に 2 を 1a に対して 1.3 当量加えた条件で反応を行ったところ、更なる収率の改善が見られた
(entries 3,4)。ここでも酢酸を添加しないときの方が良好な収率にて反応が進行した。更に温度を上げ、
60 ℃にて反応を行うと収率、ジアステレオ選択性、エナンチオ選択性ともに僅かながら低下が見られ
た(entry 5)。従ってエントリー４の条件を最適条件とした。 
 
塩基の検討 
最後にエピメリ化に用いる塩基の検討を行った(Table 1-8)。 
 
塩基の種類を炭酸カリウムから DBU にて、エピメリ化を行ったところ収率が低下した(entry 2)。ま
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た非極性溶媒ならば 3a の分解も抑えられ、収率も向上するのではないかと考え、トルエン中、80 ℃に
て反応を行ったがエピメリ化が効果的に進行しなかった(entry 3)。従って炭酸カリウムを塩基として用
いることにした。 
 
第４節 基質一般性の検討 
得られた最適条件をもとに基質一般性の検討を行った(Table 1-9)。 
 
芳香環の４位にトシルオキシ基やメチル基の入った基質では 80%以上の良好な収率にて目的物を得
ることに成功した(entries 2,3)。また３位にメチル基を有する基質でも 70%収率にてラクタムを得るこ
とができた(entry 4)。芳香環上にハロゲンを有する基質でも収率は中程度ながら目的物を得ることがで
きた(entries 5-7)。また２位の置換基がフッ素の場合はメチル基のときほど立体障害の影響が生じず、
目的物を得ることができた(entry 7)。４位にニトロ基の入った基質では良好な反応速度にて反応は進行
したが、単離収率は中程度の結果となってしまった(entry 8)。３位にニトロ基を有する基質でも同様の
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収率にてラクタムを得ることができた(entry 9)。しかし２位にニトロ基を有する基質では基質のアルデ
ヒドの分解が一部起こるのみで、ラクタムを得ることはできなかった(entry 10)。続いて複素環含有の
基質にて反応を試みたところ、ピリジン環含有の基質では反応が進行したものの、フラン環含有の基質
では基質のアルデヒドの分解のみが起こり、ラクタムを得ることはできなかった(entries 11,12)。芳香
環の代わりにアルキル基を有する基質でも同様に反応が進行し、ラクタムを得ることができたが、シク
ロへキシル基を持つ基質では反応速度及び立体選択性が低下した(entries 13,14)。電子供与性のメトキ
シ基やヒドロキシ基を有する基質では反応が複雑になるという結果を得た(entries 15,16)。これら収率
のばらつきは、生成物のアルデヒドの安定性の差に起因していると考えている。しかし総じて非常に高
い立体選択性にてラクタムを得ることに成功した。 
 
第５節 構造決定及び反応機構について 
相対立体配置の決定 
1. major diastereomer 
生成物の相対立体配置は 1H-NMR 及び NOE により決定した(Figure 1-2)。 
 
 
2. minor diastereomer 
ベンゼン環の４位にフッ素を含んでいる基質において２番目に多いジアステレオマーを単離するこ
とに成功し、その相対立体配置の決定を行った(Figure 1-3)。 
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絶対立体化学の決定 
絶対立体化学は文献既知であるピロリジン 11 へと誘導して決定した(Scheme 1-9)11。BH3 によって
4a のアミドのカルボニルを還元し 9 とした。続いて Raney Ni を用いた水素化反応によって得られた２
級アミンをトシル化して 10 を得た。最後に DMP によってアルデヒドとし、文献既知化合物である 11
へと誘導した。得られた 11 は文献値と等しい NMR チャートを与えたことから主生成物の相対立体配
置を確認することができた。また旋光度の値も良い一致を示したことから、絶対立体化学の決定を行う
ことができた。 
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反応機構及びジアステレオマー生成に関する考察 
 
反応機構はまずアルデヒドとプロリン型触媒がイミニウムイオンを形成することで、β位の求電子性
を高め、アミド窒素からのアザマイケル付加反応が起こる。このとき触媒の有する立体障害により反応
面が完全に制御されており、re 面より反応した生成物が得られる。ジアステレオマーをエピメリ化させ
た後も 3a は 99% ee を示していたことから、１段階目の反応は 99% ee で進行していることが分かり、
また２段階目の反応においてジアステレオマーが生成していることが分かった。２段階目も触媒の立体
障害を避けるように反応をすると 3a が得られ、実際これが主生成物として得られている。しかし触媒
の立体障害側から求電子部位が近づき反応した 3b も 17%の割合で得られており、またマイナーな経路
として考えられる触媒とエステルが近接した遷移状態(Figure 1-4左下)より反応した生成物(3c or 3d)も
17%の割合で得られている。おそらく中間体のアザマイケル反応付加体が持つアミド構造により反応点
が接近しやすいコンホメーションをとっており、3c や 3d を与える不利な配座状態からも２段階目の反
応が円滑に進行するためジアステレオ選択性が中程度にしか発現していないのではないかと考えてい
る。 
 
第６節 不斉双環状ラクタム構築反応の開発 
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反応基質の更なる拡大のためにα、β－不飽和アルデヒドの代わりに環状α、β－不飽和ケトンを基
質とした双環状ラクタムの合成を試みた。環状ケトンは天然物や医薬品合成において重要な骨格であり、
高度に官能基化された環状ケトンの有用性は計り知れない。また本反応で生成したラクタム環は加水分
解などにより開環可能であり、生じたカルボン酸やアミンを更に構造変換させることもできる。従って
本反応生成物は有用な合成中間体となる可能性も秘めている。上記のように２段階目の反応はα、β－
不飽和エステルに対する分子内マイケル付加反応を設定した基質を用いているが、エステルの代わりに
ニトリルやニトロ基でも同様に分子内付加環化反応が進行すると考えられる。また分子内 SN2 反応やア
ルドール反応、マンニッヒ反応などもアミン触媒は触媒することができるため、窒素求核剤の持つ求電
子部位を変えることで様々な官能基を持つキラルなラクタム類の合成へと応用することができると考
えられる。 
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まず cyclohexenone 12 を基質とした双環状ラクタムの合成を試みた(Table 1-10)。α、β－不飽和ア
ルデヒドを基質とした際に良好な収率及び選択性を示していたプロリン型触媒5では反応が進行しなか
った(entry 1)。アルデヒドと比較してケトンでは立体障害が大きいために触媒 5 ではイミニウム中間体
を形成できなかったと考えられる。そこでより立体障害の影響を受けにくい１級アミンを官能基として
持つ触媒にて本反応を試みた。触媒として(1S, 2S)-diphenylethylenediamine 14 を用いたところ双環状
ラクタム 13 を得ることに成功した。しかしα、β－不飽和アルデヒドを基質としたときと同じくラク
タム 13 は３種類のジアステレオ混合物として得られた。１つのジアステレオマーをシリカゲルカラム
クロマトグラフィーにて単離し、エナンチオマー過剰率を測定したところ 93% ee という非常に高いエ
ナンチオ選択性を示していた。しかし触媒 14 では反応速度が遅く 39%収率にて 13 が得られ、残りは
原料回収となった。続いて Brunner らの開発したキニン誘導体の触媒 15 を用い反応を行ったところ
92%収率にてラクタム 13 を得ることができ、単離することのできたジアステレオマーは 90% ee を示し
ていた 12,13。しかし触媒 15 を用いてもジアステレオ選択性は改善せず、３種類のジアステレオ混合物
となった。(1S, 2S)-cyclohexyldiamine 16 を触媒として用いた際には反応速度が大幅に低下し、またエ
ナンチオ選択性も 56% ee という中程度の結果となった。 
一般に 14-16 のような分子内に複数の塩基性部位を持つ触媒では１つのアミノ基がカルボニルとイミ
ンを形成し、それ以外の塩基性部位(アミノ基など)が求核剤と complex(酸塩基複合体)を形成することで
反応点の近くに求核剤が配置され、効果的に反応が進行していると考えられている(Figure 1-6)。 
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当初、活性中心である(イミン形成できる)１級アミンを分子内に２つ持つ触媒 14 や 16 の方が１級アミ
ンを１つしか持たない 15 よりもイミン形成が速く触媒活性が高いのではないかと考えていたが、予想
に反し 15 の方が良好な触媒活性を示していた。これはおそらく分子内に１級アミンを２つ持つことで
１級アミンのイミンに対する付加反応が競合しているためではないかと考えている(Figure 1-7)。 
 
良好な収率及び選択性を示した触媒 15 を選択し、更なる反応条件の最適化を行った。 
 
Epimerization 
まず上記の反応(Table 1-10)で得られたジアステレオ混合物に対してエピメリ化を試みた(Scheme 
1-10)。 
 
α、β－不飽和アルデヒドを基質とした際に良好な結果を与えていた炭酸カリウムを塩基として選択
し、３種類のジアステレオ混合物(13a-13c)に対してエタノール中、室温にて反応させたところ１種類の
ジアステレオマーが完全に消失し、96 : 4 という非常に高いジアステレオ選択性にて 13a が得られるこ
とがわかった。エピメリ化後の生成物は共にシスに縮環しており、13a はエステルの付いた置換基が
convex 方向を向いたもの、13b はエステルの付いた置換基が concave 方向を向いたものであった。
13a-13c の相対立体配置は後の相対立体配置決定の項で詳しく述べる。 
今後の検討はアザマイケル・マイケル連続反応後、生成物をエピメリ化させ単離することとした。 
 
添加剤の検討 
続いて添加剤の検討を行った(Table 1-11)。 
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添加剤を加えないときと比較して、弱酸を加えると反応速度の向上が見られた。特に触媒量の酢酸を
添加した際に良好な収率、ジアステレオ選択性、エナンチオ選択性を示していたことから酢酸を最適の
添加剤と決定した(entry 3)。続いて反応温度を室温から０℃に下げて反応を行ったところ、反応速度が
大幅に低下し、76 時間経っても原料は消失しなかった。しかしエナンチオ選択性は 90% ee にまで向上
した。またエピメリ化は１時間では十分にジアステレオ選択性を偏らせることができないことが分かっ
た(entry 7)。 
 
溶媒の検討 
続いて溶媒の検討を行った(Table 1-12)。 
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前の添加剤検討の際には 1.1 当量の cyclohexenone12 を用いて反応を行ったが、溶媒トルエンにて 1.4
当量に cyclohexenone 12 の量を増やしたところ収率が 60%から 74%へと改善した(entry 1)。ジクロロ
メタンでは収率及びエナンチオ選択性の低下が見られた(entry 2)。エーテル系溶媒では反応速度の低下
が見られたが、ジエチルエーテルでは良好な収率並びにエナンチオ選択性にて反応が進行することがわ
かった(entries 3-5)。ジクロロメタンではトルエンと比較して収率とエナンチオ選択性が低下したが、
クロロホルムでは収率のみが低下し(entry 6)、１，２－ジクロロエタンではエナンチオ選択性のみが低
下するという結果が得られた(entry 7)。極性溶媒のエタノールやアセトニトリルではエナンチオ選択性
が大幅に低下した(entries 8,9)。15 を用いた同系列の反応はキヌクリジン骨格の３級アミンが求核剤と
酸塩基複合体を形成し、反応点に求核剤を近づけ反応を触媒していると考えられており、極性溶媒を用
いた際にはその酸塩基複合体形成に影響を及ぼしエナンチオ選択性が低下しているのではないかと推
察される。最も良好な結果を示したトルエンを最適溶媒として決定した。 
 
濃度の検討 
続いて濃度の検討を行った(Table 1-13)。 
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濃度を 0.2 M にて反応を行ったときは反応途中で cyclohexenone 12 を足しているため反応時間が延
びているが、TLC の様子では 0.1 M のときよりも速く反応が進行していると思われた。また収率も向
上し、84%収率にて 13 を得ることができた。しかし得られた 13a のエナンチオマー過剰率は 83% ee
を示し、0.1 M のときと比較して低下していることがわかった(entry 1)。一方で濃度を 0.05 M にて反
応を行ったときは 1b の消失にまで 40 時間を要し、0.1 M のときと比べて収率及びジアステレオ選択性
の若干の低下が見られたが、89% ee という良好なエナンチオ選択性を示していた(entry 3)。更に濃度
を下げ、0.03 M にて反応を行ったところ 91% ee にまでエナンチオ選択性は向上したが、収率及びジア
ステレオ選択性は低下した(entry 4)。そこで良好な結果を与えた 0.05 M にてその後の検討を行うこと
にした。 
 
濃度の違いによるエナンチオ選択性の変動は触媒 26 の触媒機構によって説明できると考えている
(Figure 1-8)。 
 
先述のように触媒の塩基性部位と求核剤の complex 形成によって求核剤は反応点の片面から優先し
て近づけられるため、高いエナンチオ選択性にて反応が進行する。反応の濃度が濃いと complex を形成
していない求核剤や別の触媒と complex を形成している求核剤が特定の反応面を認識することなく反
応が進行するため、エナンチオ選択性が低下していると思われる。逆に濃度が薄いときには触媒と求核
剤の complex形成を介した反応がその他の反応よりも更に優先されるため、エナンチオ選択性が向上す
る。 
24 
 
触媒の再検討 
Connon らは触媒 15 のオレフィンを飽和した触媒 17 を用いた際に、ニトロオレフィンに対する付加
反応が高い収率、並びに立体選択性にて進行することを報告している 14(Scheme 1-11)。 
 
 
そこで触媒 17 を用いて先と同様の条件下反応を行った(Table 1-14)。 
 
触媒 17 を用いた際には反応時間は延長したものの、91% ee にまでエナンチオ選択性が向上した。従
ってその後の検討は触媒 17 を用いて行うことにした。Silva らも同様の傾向を報告している 15が、反応
点から比較的遠いオレフィン部位の飽和、不飽和の違いがどのように立体選択性に影響を与えているの
か明白な理由はわかっていない。 
 
塩基の検討 
続いてエピメリ化に用いる塩基の検討を行った (Table 1-15)。 
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DBU を塩基として用いた際には炭酸カリウムのときよりも収率が向上し、ジアステレオ選択性も良
好な結果を示していた(entry 2)。一方、塩基性の弱い酢酸ナトリウムを塩基として用いた際にはエピメ
リ化が進行しないという結果が得られた(entry 3)。本結果から環状α、β－不飽和ケトンを基質とした
際には DBU を塩基として用いることにした。 
 
第７節 基質一般性の検討  
基質一般性の検討結果を以下に示す(Table 1-16)。 
 
基質一般性の検討の結果、cyclohexenone 12 以外の基質では反応速度が著しく遅くなることがわかっ
た。3-methyl cyclohexenone 18 では３位のメチル基が立体障害として働いていることが予想される。
６日間反応を回したところ 32%の収率にて目的とする双環状ラクタム 22 が得られ、出発原料の 57%の
1b が回収された。反応はきれいに進行しており、反応時間の延長で更に高収率にて目的物が得られると
考えられる。反応時間は延びるが、本反応により４級不斉中心も構築できることがわかった(entry 2)。
続いて cyclopentenone 19 を基質として用いたところ４日間の反応時間で 62%収率にてラクタム 23 を
得ることに成功し、11%の 1b が回収された。しかし cyclohexenone 12 など６員環の基質と比較してジ
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アステレオ選択性、エナンチオ選択性ともに大幅な低下が見られた(entry 3)。ジアステレオ選択性の低
下はエピメリ化が円滑に進行していないためであると考えられた。この考察はジアステレオマーの構造
決定の項で詳しく述べる。またエナンチオ選択性に関しては、５員環と６員環ではカルボニル基と反応
点であるβ位との位置関係が若干異なるため、触媒と基質がイミンを形成した際の触媒の塩基性部位が
β位から遠く、効率良く窒素求核剤を誘導できていないのではないかと考えている(Figure 1-9)。
3-methyl cyclopentenone 20 では１０日間反応を回したが痕跡量しか目的物が得られず、殆ど原料回収
となった(entry 4)。続いて cycloheptenone 21 を基質として用いたところ４日間の反応時間で 66%収率
にてラクタム 25 を得ることに成功し、22%の 1b が回収された(entry 5)。cyclopentenone 19 のときと
同様にジアステレオ選択性の大幅な低下が見られた。本事実に対する考察はジアステレオマーの構造決
定の項で述べる。しかし一方でエナンチオ選択性は非常に高く 99% ee を示していた。触媒 17 は５員環
や６員環の環状α、β－不飽和ケトンよりも７員環の環状α、β－不飽和ケトンの方が、効率良く求核
剤を導入できるのではないかと考えている(Figure 1-9)。 
 
 
第８節 構造決定について 
ジアステレオマーの構造決定 
得られたジアステレオマーの相対立体配置の決定を行った。まず cyclohexenone 12 を基質とした際
に得られる３種類のジアステレオマーの構造決定について説明する。 
先述のように cyclohexenone 12 と窒素求核剤 1b でのアザマイケル・マイケル連続反応の結果 13a-13c
の３種類のジアステレオマーが 37 : 42 : 21の比で得られ、それらをエピメリ化させると 13c は消失し、
13a と 13b が 96 : 4の比で得られる(Scheme 1-12)。13a は以下のように相対立体配置の決定を行った。 
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13a を NaBH4で還元するとジアステレオ選択的に反応が進行し、26 が得られた(Scheme 1-13)。こ
の化合物の NOE の相関を調べたところ Hb-Hc、Hb-Hd間で相関が見られたため、13a はシスに縮環し、
エステルの付いた置換基が convex 方向を向いたものであることがわかった。また Ha-Hbとの相関も見
られたことから convex方向からのヒドリド攻撃により26がジアステレオ選択的に得られていることが
わかった(Figure 1-10)。 
 
13b は以下のように相対立体配置の決定を行った。 
 
13a と 13b の混合物を NaBH4で還元したところ 36%収率にて三環性化合物 27 が得られた(Scheme 
1-14)。ケトンの還元後生じたアルコールがエステルと反応してラクトンを形成し、27 ができたと考え
られる。13a はジアステレオ選択的に還元が進行し、26 が得られることがわかっているので(Scheme 
1-13)、27 は 13b 由来の化合物であると考えられた。そこで 27 の NOE 相関を調べ、その相対立体配置
の決定を行った(Figure 1-11)。Ha-Hb、Hb-Hc、Hb-Hd間で良好な NOE 相関が見られたことから 27 は
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すべての環がシスに縮環した化合物であることがわかった。従って還元前の 13b はシスに縮環し、エス
テルの付いた置換基が concave 方向を向いたものであることがわかった。 
 
続いてエピメリ化によって消失する 13c の構造決定を行った(Figure 1-12)。 
 
エピメリ化前の段階において13cはシリカゲルカラムクロマトグラフィーにて分離することができた
ため、13c の NOE 相関を調べた。13a、13b の構造から 13c はトランスに縮環していることがわかって
いた。また Hb-Hc間で NOE 相関が見られたことから 13c の構造決定を行うことができた。 
 
続いて cyclopentenone 19 を基質とした際に得られる２種類のジアステレオマーの構造決定について
説明する。 
 
cyclopentenone 19 と窒素求核剤 1b でのアザマイケル・マイケル連続反応の結果 23a、23b の２種類
のジアステレオマーが 33 : 67 の比で得られ、それらをエピメリ化させると比率が逆転し 23a と 23b が
73 : 27の比で得られる(Scheme 1-15)。また 23aと 23bは同じエナンチオマー過剰率を示していた。23a、
23b の相対立体配置の決定は以下のように行った(Figure 1-13)。 
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23a は Ha-Hb、Ha-Hc間でそれぞれ NOE 相関が見られたので、シスに縮環しエステルの付いた置換
基が convex 方向を向いたものであることがわかった。23b は Hd-He間で良好な NOE 相関が見られた
ことでシスに縮環していることがわかり、23a の構造との比較でエステルの付いた置換基が concave 方
向を向いたものであると確定した。 
23a と 23b のエネルギー差が 13a と 13b のときほど大きくないため、エピメリ化後のジアステレオ
選択性が中程度になったと考えられる。 
 
続いて cycloheptenone 21 を基質とした際に得られる２種類のジアステレオマーの構造決定について
説明する。 
 
cycloheptenone 21 と窒素求核剤 1b でのアザマイケル・マイケル連続反応の結果 25a、25b の２種類
のジアステレオマーが 53 : 47 の比で得られ、それらをエピメリ化の条件に附したが比率は変わらずエ
ピメリ化が進行しないことがわかった(Scheme 1-16)。また 25a と 25b は同じエナンチオマー過剰率を
示すことがわかった。25a、25b の相対立体配置の決定は以下のように行った(Figure 1-14)。 
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25a は Ha-Hb間で NOE 相関が見られ、シスに縮環していることがわかった。Haは Hb,Hcとそれぞれ
J = 9.0 Hzにてカップリングしていたが、Ha-Hc間で顕著な NOE 相関が見られなかったことから、25a
の相対立体配置は上記のようにシスに縮環し、エステルの付いた置換基が convex 方向を向いたもので
あると考えられる。25b は Hd-Hf、He-Hf、Hf-Hh間で NOE 相関が見られたことからトランスに縮環し、
エステルの付いた置換基が Hfと同じ方向を向いたものであることがわかった。 
また 25a と 25b 間でエピメリ化が起こらないことに関しては、次のように考察している。25a と 25b
間でエピメリ化が進行するためにはエピメリ化し得る不斉炭素が２つとも反転する必要がある。具体的
な証拠は提示できないが、１つエピメリ化が進行した化合物が熱力学的に不安定であるため、直ぐに 25a、
25b に戻り 25a と 25b のエネルギー差がエピメリ化に反映できていないのではないかと考えている。 
 
絶対立体化学 
生成物の絶対立体化学は Melchiorre らが報告している同触媒を用いたアジリジン化反応の生成物よ
り推察した 16。 
 
 
 
 
 
 
 
 
 
 
 
 
 
31 
 
第２章 フェノール誘導体の ipso-Friedel-Crafts 型反応を経由する新規骨格転位反応 1 
第１節 研究背景 
スピロ環骨格は生物活性天然物や医薬品に数多く見られる構造であり、また複雑な構造を持つ分子の
合成中間体としても有用である。中でもスピロシクロヘキサジエノン類は合成化学の分野において最も
重要な化合物群の１つであり、その効率的合成法の開発は長年研究され続けている 2。 
 スピロシクロヘキサジエノン類の最も代表的な合成法として、超原子価ヨウ素試薬を用いる方法が知
られており、近年複雑な構造を持つ化合物の合成に利用されている 3。本反応は通常、基質に対して１
当量以上の超原子価ヨウ素試薬を用いることでフェノール部位を活性化し、分子内の求核部位が巻き込
むことによって、スピロシクロヘキサジエノン誘導体へと変換される(Scheme 2-1)。 
 
一方、２００５年北らは、mCPBA を共酸化剤として使用することで、触媒量の超原子価ヨウ素試薬
により、C-O 結合形成を伴うスピロラクトン環構築が可能であることを報告した 4a。実際に反応を行う
際には、ヨードアレーンが系中で mCPBA により酸化されることで超原子価ヨウ素試薬が生成するため、
試薬を予め調整する必要はない。また溶媒として 2,2,2-トリフルオロエタノールを用いることで、温和
な条件にて C-N 結合形成を伴うスピロラクタム環の構築にも成功している 4b。さらに、共酸化剤として
過酸化水素とトリフルオロ酢酸無水物から生じるトリフルオロアセチルペルオキシドを用いることで、
C-C 結合形成反応にまで触媒プロセスを拡張している 4c。 
スピロシクロヘキサジエノンの合成法としては、超原子価ヨウ素を用いる方法以外にも、分子内イプ
ソラジカル環化反応 5や分子内イプソハロ環化反応 6、アレーン Ru(Ⅱ)錯体の脱芳香族化反応 7、Cu 触
媒によるα-アジド-N-アリールアミドの酸化 8等を利用した合成法が近年報告されている。 
 
一方、当研究室では Pd 触媒を用いるフェノール類の ipso-Friedel-Crafts 型アリル位置換反応の開発
に成功している(Scheme 2-2)9。Pd などの遷移金属触媒を用いるアリル位置換反応においてフェノール
類は酸素求核剤として働くことが知られており、芳香環上での Friedel-Crafts 型反応は通常進行しない
10。我々の開発した手法は、フェノールを炭素求核剤として利用したスピロシクロヘキサジエノンの新
規構築法である。 
 
また、Scheme 2-3 に示した反応は MacMillan らの開発したピロロインドリン合成法 11であるが、こ
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のように分子内に求核部位を持つインドールを反応に用いると、生じたイミンに対する付加反応が進行
し、インドリンが得られることが報告されている。 
 
筆者はこのインドールをフェノールに換え、反応を行うことでスピロシクロヘキサジエノン合成と続
く分子内マイケル反応によって、縮環したシクロヘキセノンが得られるのではないかと考えた(Figure 
2-1)。このような骨格を持つ天然物は数多く存在し、その代表例として(+)-Plicamine12が挙げられる。 
 
また近年、インドールのベンジル位に存在する水酸基を酸性条件下脱水させるこ
とで生成する３－アルキリデンインドレニウムカチオンは非常に良い求電子剤と
して働くことが見出されており、ピナコール転位やエナミンとの分子間反応など多
数の反応が報告されている 13。 
 
そこで筆者はこれらの反応を組み合わせた下記のような連続反応を設計した。つ
まり、３－アルキリデンインドレニウムカチオンに対するフェノールからの ipso-Friedel-Crafts 型反応
によって、スピロヘキサジエノンが得られ、続いてスピロヘキサジエノンに対するインドール３位から
の１，４付加反応と転位が進行することで、５つの環が縮環した化合物が得られるのではないかと考え
た(Figure 2-2)。 
 
 
第２節 新規骨格転位反応の発見 
 反応に用いる基質は下記のように合成した(Scheme 2-4)。市販の 28 を塩化チオニルで塩素化し、続
いて 29 との SN2 反応によって、30 を２段階 72%の収率で得た。続いて水素化アルミニウムリチウム
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で還元し、得られたアルデヒドを別途調製した Grignard 試薬 31 と反応させることで２級アルコールと
し、最後にベンジル基を水素添加条件で除去し、基質 32a を合成した。 
 
得られた基質 32a をトリフルオロ酢酸 (TFA)で処理したところ、予想していた５環性化合物は得られ
ず、テトラヒドロ－β－カルボリン誘導体 33a が 79%の収率で得られた(Scheme 2-5)。本反応を TLC
でモニターすると、反応開始直後は原料以外に２つの生成物が得られるが、反応時間を延ばすと 33a に
収束する(Figure 2-3)。反応開始直後に生成する化合物は 32a の水酸基がトリフルオロアセチル化され
たものであった。 
 
得られた３環性骨格はインドールアルカロイ
ドに数多くみられる構造であり、この骨格を持
った多くの化合物は特有の生物活性を持つこ
とが知られている。つまり本骨格の新規構築法
の開発は合成化学的および薬学的観点から重
要な意義を持つと考えられる。そこで筆者は本
反応の反応機構と基質一般性に興味を持ち、本
反応の詳細な検討を行った。 
 
第３節 重水素実験による反応機構の解明 
 まず筆者は反応機構を解明するために重水素ラベルした基質の合成を行った(Scheme 2-6)。基質 32b
を二酸化マンガンで酸化し、続いて重水素化ホウ素ナトリウムを用いて還元することでメチン水素を重
水素で置換した基質 32b-d1を合成した。また、ベンジル位の２つの水素を重水素で置換したパラメトキ
シベンジルクロライド 35 を合成し 14、先の方法と同じく 29 と反応させ、続いて水素化アルミニウムリ
チウムで還元後、得られたアルデヒドを Grignard 試薬 31 と反応させ、ベンジル位の水素２つが重水素
34 
 
で置換した基質 32b-d2を合成した。 
 
重水素ラベルした基質を TFA で処理すると、メチン水素を重水素でラベルした基質 32b-d1からは、
メチン水素が重水素化された生成物 33b-d1が得られ、またベンジル位水素２つを重水素で置換した基質
32b-d2からは、33b-d2が得られた(Scheme 2-7)。 
 
 以上の結果から反応機構は以下のように推察された(Scheme 2-8)。まず初めに酸でインドールのベン
ジル位の水酸基が抜け、３－アルキリデンインドレニウムカチオン A が生成する。続いてフェノール誘
導体からの ipso-Friedel-Crafts 型反応が進行し、スピロヘキサジエノン中間体 B が得られ、続いて窒
素原子からの電子の押し出しによって芳香族性が回復し、同時にイミニウムカチオン C が生成する。こ
れに対して Pictet-Spengler 反応が進行することで、33b が生成していると考えられる。 
C のような芳香族性の回復を駆動力としたイミニウムカチオンの生成は、アザスピロインドレニンを
基質とした場合は数例の報告がある 15。一方、アザスピロシクロヘキサジエノンを基質として用いた例
は、筆者の知る限り存在せず、本反応が始めての成功例である。 
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第４節 反応条件の最適化 
 続いて収率の更なる向上のために反応条件の最適化を行った(Table 2-1)。 
 
TFA の量を８当量から徐々に減らしていくと、反応時間が延長し、収率が低下した(entries 1-4)。ま
た、TFA よりも酸性度の高いトリフルオロメタンスルホン酸(TfOH)を用いた際には、複雑な混合物を
与えた(entry 5)。また、パラトルエンスルホン酸１水和物(TsOH·H2O)を用いた際にも、反応は複雑化
し、目的物は 11%収率にて得られるのみであった(entry 6)。続いて各種ルイス酸の検討を行った。20 
36 
 
mol%の Sc(OTf)3 や In(OTf)3,Yb(OTf)3 ではいずれも目的物を得ることはできたが、低収率に留まると
いう結果となった(entries 7-9)。一方で 20 mol%のトリスペンタフルオロフェニルボラン(B(C6F5)3)を用
いた際には 49%の収率で目的物を得ることができた(entry 10)。そこで更に触媒量を増やし、50 mol%
の B(C6F5)3を用いたが、収率は 65%に留まり、十分満足のいく結果とはならなかった(entry 11)。続い
て酸は TFA とし、濃度の検討を行うことにした。エントリー１の条件では、分子間反応が進行したと
思われる副生成物が得られていたため、濃度を薄くすることで収率の向上が見込めるのではないかと考
えた。そこで濃度を 0.025 M にして反応を行ったところ、収率が 91%にまで向上した(entry 12)。そこ
で TFA ８当量、溶媒ジクロロメタン、濃度 0.025 M、温度 0 °C を最適条件として基質一般性の検討に
移った。 
 
第５節 基質一般性の検討 
 反応条件の確立に成功したので、続いて基質一般性の検討を行った(Table 2-2)16。フェノール性の水
酸基をメチル基やベンジル基で保護した基質 32b、32c においても、それぞれ 90%、98%と良好な収率
にて目的物 33b、33c を得ることができた(entries 2,3)。またオルト位にメトキシ基を持った基質 32d
でも反応の進行を確認することができ、83%の収率で目的物 33d が得られた(entry 4)。またインドール
窒素の保護基を Boc 基から Cbz 基に変えても反応は進行し、転位体 33e を 75%の収率で得ることがで
きた(entry 5)。またインドール窒素をトシル基で保護した基質32fでは15当量のTFAを用いた際に99%
の収率で目的物 33f が得られた(entry 6)。またインドール上に電子求引性のフッ素や電子供与性のメチ
ル基を持った基質 32g、32h においても、それぞれ 90%、84%と良好な収率にて反応は進行した(entries 
7,8)。さらに、窒素上の保護基をトシル基からフェニル基に変えたアニリン誘導体 32i でも同様に反応
は進行し、68%の収率で目的物 33i が得られた(entry 9)。またフェニル基上に電子供与性のメトキシ基
や電子求引性のフッ素を導入した基質 32j、32k においてもそれぞれ 62%、50%の収率にて目的物 33j、
33k を得ることができた(entries 10,11)。しかしトシル基で保護した基質と比較して反応速度は遅かっ
たため、２４時間で反応を止め未反応の基質をそれぞれ 11%、33%、13%回収した。また炭素鎖を１つ
延ばした基質 32l でも反応は進行し、88%の収率で７員環を持った生成物 33l が得られた(entry 12)。更
に炭素鎖を１つ延ばした基質 32m でも反応は進行し、30%収率と改善の余地は残っているものの、一
般に合成困難とされる８員環の構築も可能であった(entry 13)。このように６員環だけでなく、７員環
や８員環などの中員環も構築可能であることが本反応の魅力の１つである。基質 32m を用いて反応を
行うと 33m 以外に 37 が 35%の収率で得られた。 
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第６節 反応条件及び基質一般性に関しての考察 
本骨格転位反応では、TFA を酸として用いた際に、高収率にて目的物を与える。これは TFA の持つ
酸性度の高さとカウンターアニオンであるトリフルオロアセトキシアニオン(CF3COO-)がカチオンに
対して可逆的に付加できる点が、この骨格転位反応を効率よく進行させるために重要であったと考えて
いる。具体的にはトリフルオロアセトキシアニオンによって、反応性の高い中間体である３－アルキリ
デンインドレニウムカチオンやイミニウムカチオンが安定化されているため、副反応が抑えられている
と考えている(Scheme 2-9)。 
 
一方、インドール上の窒素に保護基の付いていないものやアルキル基が付いた基質では、反応が複雑
化し、分子間反応が多く進行している様子だった。本反応が効率よく進行するためには Boc や Cbz、Ts
などの電子求引性置換基がインドール上に付いていることが必須であり、これがインドールの求核性を
下げ、分子間反応の抑制に繋がっていると考えている。さらに、インドール上に電子求引性の置換基が
付いていることで３－アルキリデンインドレニウムカチオンの求電子性が上がり、立体障害の大きいイ
プソ位からの攻撃が効率よく進行するようになったと思われる。 
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第３章 連続反応による多環式インドール化合物の合成 1 
第１節 新規反応の発見 
 筆者は、第２章で報告した骨格転位反応の基質の適用拡大を狙い、２重結合を持った基質でも同様の
骨格転位反応が進行するのではないかと考えた(Scheme 3-1)。 
 
反応に用いる基質は下記のように合成した。市販の 4-Methoxycinnamyl alcohol 38 を塩化チオニル
で塩素化し、続いて 29 との SN2 反応によって、39 を２段階 89%の収率で得た。続いて水素化アルミ
ニウムリチウムで還元し、得られたアルデヒドを別途調製した Grignard 試薬 31 と反応させることで基
質 40a を合成した(Scheme 3-2)。 
  
得られた基質 40a を TFA で処理したところ、予想していたテトラヒドロ－β－カルボリン誘導体は
得られず、cyclopenta[b]indole 骨格を持った４環性化合物 41a が単一のジアステレオマーとして得られ
た(Scheme 3-3)。 
 
４環性化合物 41a は下記のような反応機構にて生成していると考えられる(Scheme 3-4)。まず酸によ
ってベンジル位の水酸基が抜け、３－アルキリデンインドレニウムカチオン A が生成する。続いて二重
結合からの攻撃と、生じたベンジルカチオン B のインドール２位からの捕捉によって、41a が得られて
いると考えられる。生成物が持っている cyclopenta[b]indole 骨格は生物活性をもつ様々な化合物に含
まれており、創薬化学的にも非常に魅力的な骨格である。そこで私は、本骨格の効率的合成法の確立を
目指し、研究を行った。 
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第２節 研究背景 
前述のように cyclopenta[b]indole 骨格は、様々な生物活性化合物に含まれており、天然物の１例と
しては Yuehchukene2や Fischerindole L3、Paspaline4などが挙げられる。さらに医薬品候補化合物と
しても注目されており、プロスタグランジン D2 受容体アンタゴニスト 5や肝臓 X 受容体アゴニスト 6、
C 型肝炎ウイルスの NS5B 阻害活性を持つ化合物 7なども報告されている(Figure 3-1)。 
 
 
筆者が発見した本骨格の合成法は Sheuらが報告したYuehchukeneの合成法 2cに一部類似している。
彼らは Yuehchukene の二量体構造に着目し、アルコール 42 を酸で処理することで、脱水と Diels-Alder
反応、Friedel-Crafts アルキル化反応が連続して進行し、Yuehchukene が得られることを報告しており、
この反応は生合成類似の機構であるとされている(Scheme 3-5)。 
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 彼らの反応では Diels-Alder 反応によって６員環を形成した後に、分子内 Friedel-Crafts アルキル化
によって cyclopenta[b]indole 骨格を構築している。一方、筆者は分子内 ene 型反応によって５員環を
形成した後に、分子内 Friedel-Craftsアルキル化によって cyclopenta[b]indole骨格の構築に成功した。
また、筆者の発見した方法では、分子内 ene 型反応において様々な環の大きさの化合物が合成可能であ
る点が非常に魅力的であると考えられた。 
また cyclopenta[b]indole 骨格の効率的な合成法については、最近でも盛んに研究が行われており、
２価パラジウムによる分子内環化反応 8a やルイス酸によるシクロプロパンの開環を利用した環化反応
8b,8c、酵素を用いた環形成反応 8d、ロジウム触媒 8eや白金触媒 8gによる付加環化反応、光を用いたNazarov
環化反応 8f、ワンポット３成分連結反応 8h、金触媒による分子内環化反応 8i、など多数の論文が報告さ
れている。 
また、Moody らは分子間 ene 型反応による cyclopenta[b]indole 骨格の合成に成功している 9。しかし
彼らの方法では化学量論量の SnCl4を用いており、収率も中程度に留まっていた。筆者らは本反応を分
子内反応で行うことで、収率の改善、触媒反応への応用、さらに Yuehchukene や Fischerindole L、
Paspaline などの多環式構造の１段階での構築が可能となるのではないかと考えた。 
 
第３節 反応条件の最適化 
続いて筆者は、収率の更なる向上のために反応条件の最適化を行った(Table 3-1)。まず、溶媒はジク
ロロメタン、濃度 0.1M に固定して TFA の量の検討を行った。骨格転位反応の場合と同じく、少量の
TFA では殆ど反応は進行しなかった(entry 1)。そこで TFA の量を増やしていくと、８当量のときに 56%
にて目的物が得られた(entry 3)。続いて濃度の検討を行ったところ、0.02 M にて反応を行った際に収
率が 62%にまで向上した。これは分子間反応による副生成物の生成が抑えられたためであると考えてい
る。しかし本反応条件では、trans 型に最初の付加反応が進行し、生じたカチオンに対してトリフルオ
ロアセトキシアニオンが付加した後に加水分解が進行した副生成物 43 が 35%の収率にて得られた。お
そらく最初の付加反応が trans型に進行して生成したベンジルカチオンAからは環化反応が進行しない
ため、B は得られず、43 が得られていると考えられる(Scheme 3-6)。これが 41a が単一のジアステレ
オマーとして得られた理由の１つであり、２段階目の付加反応では、熱力学的に安定な化合物が優先し
て得られたと考えられる。そこで収率の更なる向上のためには 43 の生成を抑えることが必須であると
考えられた。そこで酸をかえて反応の検討を行うことにした。TsOH·H2O を用いた際には目的物を得る
ことはできたが、収率は 50%前後に止まった(entries 7,8)。一方、更に強い酸である TfOH やビストリ
フルオロメタンスルホニルイミド(Tf2NH)を用いた際には、反応が複雑化し、痕跡量の目的物が得られ
るのみであった(entries 9,10)。続いて触媒反応への応用を試み、20 mol%のルイス酸を用いて検討を行
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った。ルイス酸の中では B(C6F5)3を用いた際に、８当量の TFA を用いたときと同程度の収率にて目的
物が得られた(entry 14)。また脱水剤であるモレキュラーシーブス 4Å を加えると、劇的に反応速度が向
上した(entry 15)。さらに濃度を 0.02 M にして反応を行うと、収率が 64%にまで向上した(entry 16)。
様々な反応条件にて反応を行ったが、trans 型に最初の付加反応が進行した副生成物の生成を抑えるこ
とができなかった。41a を十分満足のいく収率にて得ることはできなかったが、基質の構造を変えるこ
とで、最初の付加反応の選択性が変わり、高収率にて目的物が得られるのではないかと期待し、基質一
般性の検討に移った。 
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第４節 基質一般性の検討 
 得られた最適条件をもとに基質一般性の検討を行った(Table 3-2)10。５員環を持った生成物 41a の
ほか、ベンゼン環と縮環した６員環では良好な収率にて目的物 41b が得られた(entry 2)。さらにパラメ
トキシフェニル基を 3,4-メチレンジオキシフェニル基や N-Boc インドールに換えた基質 40c、40d にお
いても同様に目的物 41c、41d が得られた(entries 3,4)。またテザーである窒素原子を酸素原子に置き換
えた基質 40e においても、若干収率は低下するものの、目的物 41e を得ることができた(entry 5)。さら
に１炭素増炭した基質 40f においても、反応は進行し、７員環を持った生成物 41f が、非常に高い収率
と良好なジアステレオ選択性にて得られた(entry 6)。さらに１炭素増炭した基質 40g においても、反応
は円滑に進行し、構築しづらいとされる８員環を持った生成物 41g も単一のジアステレオマーとして良
好な収率で得られた(entry 7)。８員環反応ではルイス酸として B(C6F5)3ではなく Sc(OTf)3を用いるこ
とで、収率良く目的物が得られることがわかった。さらにインドールの窒素に、Boc 基、Cbz 基、Alloc
基、Bz 基など、様々な保護基を持った基質 40h-40k においても、反応は円滑に進行し、８員環を持っ
た生成物 41h-41k を非常に高い収率にて得ることに成功した(entries 8-11)。さらにインドール上に電子
供与性のメトキシ基やメチル基、電子求引性のフッ素を導入した基質 40l-40n においても、非常に高い
収率にて目的物 41l-41n を得ることができた(entries 12-14)。また、芳香環上に、電子供与性基のつい
ていない、単純なフェニル基を持った基質 40o においても、酸として TFA を用いた際に 51%の収率に
て、目的物 41o を得ることができた(entry 15)。 
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これまで用いていた基質は、Scheme 3-2 に示すように、アルデヒドに対して別途調製した Grignard
試薬を反応させることで合成したが、アルデヒドに対しトシルインドールの 2 位をリチオ化した化合物
を反応させることで、インドールの 2 位で結合した基質 44 を合成することができた(Scheme 3-7)。 
 
 合成した基質 44 に対して最適条件を用い反応を行ったところ、同様の反応機構にて反応は進行し、縮
環構造の異なる多環式インドール誘導体 45 が、８当量の TFA を用いた際には 85%、触媒量の B(C6F5)3
を用いた際には 81%の収率にて、単一ジアステレオマーとして得られた(Scheme 3-8)。 
 
第５節 相対立体配置の決定 
 得られた生成物の相対立体配置は下記のように決定した。全ての生成物において cis で縮環し、パラ
メトキシフェニル基などの芳香環が convex方向を向いたものが、主生成物として得られた(Figure 3-2)。 
７員環を持った生成物 41f のみジアステレオ混合物として得られたが、そのマイナーなジアステレオ
マーの相対立体配置は決定できなかった。しかし cis で縮環し、パラメトキシフェニル基が concave 方
向を向いたものは、熱力学的に非常に不安定であると考えられるので、マイナーなジアステレオマーは
trans で縮環した化合物であると予想される。 
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また 43 はジアステレオ混合物として得られ、相対立体配置の決定が困難であった。そこでベンジル位
の水酸基を還元的に除去し、46 とした後に NOE 相関を調べ、trans 付加体であることを確認した
(Scheme 3-9)。 
 
 
第６節 基質一般性に関する考察 
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 本反応では、一般に合成困難と言われる８員環を持った生成物が収率良く得られた。この点に関して
明確な理由は不明であるが、インドールの窒素に電子求引性の保護基が付いていることは、円滑に反応
が進行する要因の１つであると考えられる。インドール上に電子求引性の Boc などの置換基が付いてい
ると、83%にて目的物が得られたのに対して、電子求引性の置換基が付いていない基質を用いると 18%
収率にて目的物が得られるのみであった。これは電子求引性の置換基が付いていることで、３－アルキ
リデンインドレニウムカチオンの求電子性が高まり、合成困難な８員環も問題なく構築されたと考えら
れる。またインドール上に電子求引性の置換基が付いていることで、インドールの求核性が弱まり、分
子間反応が抑制されていると考えられる(Scheme 3-10)。一方でインドール上に電子求引性の置換基が
付いていると、水酸基の脱離能が大きく低下する。この点が本反応の触媒化や不斉化を困難にしている
要因である。 
 
 また、本反応の欠点として直鎖状の基質からは６員環を持った生成物が低収率でしか得られないこと
が挙げられる(Figure 3-3)。 
基質 47 からは、48 が 24%得られ、trans 型に最初の付加反応が進行した 49 が 71%の収率で得られ
た。基質 40b のようにベンゼン環と縮環した基質では、６員環を持った生成物 41b も良好な収率にて得
られるが、直鎖状の基質 47 からは trans 付加体が優先した。これは遷移状態における安定性の差に起
因していると考えている。つまり、cis 体を与えるような遷移状態(TS-A)では１，３－ジアキシャル相
互作用が働くため、遷移状態が不安定化されている。一方、trans 体を与えるような遷移状態(TS-B)で
は１，３－ジアキシャル相互作用が働かないため、こちらから優先して反応が進行していると考えられ
る。一方、ベンゼン環と縮環した基質 40b では、形成される６員環のうち２つの炭素がベンゼン環を形
成しているため、平面性が高まり、１，３－ジアキシャル相互作用の影響が小さくなっていると考えら
れる。 
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さらに、本反応において５員環や６員環を持った生成物よりも８員環を持った生成物の方が収率良く
得られた理由に関しても、１段階目の反応の遷移状態における安定性の違いであると考えている
(Figure 3-4)。基質 40h を用いて反応を行った際には、trans 型に最初の付加反応が進行した 50 は全く
得られていない。つまり８員環を持った生成物が収率良く得られた理由は、最初の付加反応において cis
体が優先したためである。ではなぜ cis 体が優先したのか、ということについては次のように考察して
いる。６員環の場合と異なり、８員環形成反応の遷移状態の議論は難しく、推測の域を出ないが、おそ
らく６員環形成の場合と比較して８員環では、１，３－ジアキシャル相互作用の影響が小さくなり、遷
移状態 C (TS-C)から優先して反応が進行していると考えられる。一方、遷移状態 D (TS-D)では置換基
同士の立体反発が働き、また立体反発が最も小さいと思われる遷移状態 E (TS-E)ではアリルひずみが働
くため、遷移状態 C に比べて不安定化されていると考えられる。 
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 これらの結果から、６員環形成では立体反発よりも１，３－ジアキシャル相互作用の影響が大きく、
８員環形成では１，３－ジアキシャル相互作用よりも、立体反発やアリルひずみの影響が大きいことが
予想される。環構造の違いによって１段階目の cis-trans 選択性が異なることが、本連続反応の収率に
大きく影響している。 
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第４章 骨格転位反応を用いた含窒素複素環の新規構築反応 1 
第１節 新規反応の発見 
 筆者は、第２章で報告した骨格転位反応の中間体であるイミニウムカチオンをインドール以外の別の
求核剤で捕捉することで、他の含窒素複素環の構築が可能ではないかと考えた (Figure 4-1)。具体的に
は、下図のような分子内に二重結合を持った基質を反応に用いることで、イミニウムカチオンに対して
aza-Prins 反応が進行し、３－アリールピロリジンや４－アリールピペリジンが得られるのではないか
と考えた。 
 
そこで筆者は骨格転位反応の基質の適用拡大を目指し、研究を行った。反応に用いる基質は下記のよ
うに合成した。β－アラニンを出発原料とし、トシル化と続くWeinrebアミド化によって 51を合成し、
続いてスルホンアミドを PMB で保護することで 52 を得た。続いて DIBAL 還元と Wittig 反応によっ
て、不飽和エステル 53 とした後に、DIBAL と MnO2によってアルデヒド 54 とした。最後に Grignard
試薬と反応させることで基質 55a を合成した(Scheme 4-1)。 
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得られた基質 55aをTFAで処理したところ、主生成物として２つの化合物が得られた(Scheme 4-2)。
それらの化合物をシリカゲルカラムクロマトグラフィーにて単離し、構造決定を行ったところ、３つの
不斉中心を持った４－アリールピペリジンが非常に高いジアステレオ選択性にて得られた。ベンジル位
に水酸基を持った生成物 56a が 23%得られ、その水酸基がトリフルオロアセチル化された 57 が 38%収
率にて得られた。TLC の様子では 56a と 57 の収率を併せると 80%以上の収率になると思われたが、併
せても 61%の収率であった。これはおそらく 57 がシリカゲルによって一部分解してしまったためであ
ると考えられた。 
 
 これらの生成物が得られる反応機構に関しては以下のように考察している(Scheme 4-3)。まず、酸性
条件においてベンジル位の水酸基が抜け、生じたアリルカチオン A に対してフェノール誘導体からの
ipso-Friedel-Crafts 型反応が進行し、スピロヘキサジエノン中間体 B が得られる。ここから窒素からの
電子の押し出しによって芳香属性の回復とイミニウムカチオン C の生成が起こり、生じたイミニウムカ
チオンに対して、aza-Prins 反応が進行することでピペリジン環を形成し、ベンジルカチオン D が生じ
る。このカチオンに対してトリフルオロアセトキシアニオンが付加することで、トリフルオロアセチル
体 57 が得られ、また系内に存在する水によってトリフルオロアセチル基の加水分解が進行し、アルコ
ール体 56a も得られていると考えられる。そこで生成物を偏らせるため、反応が完結後、反応液を濃縮
し、アセトニトリルと飽和重曹水を加え、しばらく攪拌することで加水分解を進行させ、アルコール体
56a のみを得るという後処理を行った。 
 
筆者は本反応の基質一般性とジアステレオ選択性発現機構に興味を持ち、詳細な検討を行った。 
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第２節 研究背景 
 ピロリジンやピペリジンは様々なアルカロイドに含まれる構造であり、生物活性発現のための重要な
骨格である。これらの構造に関して数多くの研究が行われており 2、効率的な合成法の開発は、現在も
注目を集めている研究分野である 3。 
含窒素複素環の中でも３－アリールピロリジンや４－アリールピペリジンは医薬品や医薬品候補化合
物に多く含まれる構造であり、その一例として選択的セロトニン再取り込み阻害薬のパロキセチン 4,5
や性機能不全、肥満、糖尿病などの治療に有効な MC4 受容体アゴニスト活性を持った化合物 6a、ヒト
免疫不全ウイルス（HIV）の治療で有用な CCR5 アンタゴニスト活性を持った化合物 6b、膀胱炎や嘔吐
などの治療に有効な hNK1アンタゴニスト活性を持つ化合物 6cなどが挙げられる(Figure 4-2)。 
 
  
第３節 反応条件の最適化 
 続いて筆者は、収率の更なる向上のために反応条件の最適化を行った(Table 4-1)。溶媒はジクロロメ
タン、濃度 0.1M に固定して TFA の量の検討を行った。骨格転位反応の場合と同じく、少量の TFA で
は殆ど反応は進行しなかった(entry 1)。そこで TFA の量を増やしていくと収率が向上し、15 当量のと
きに 82%にて目的物が得られた(entry 5)。そこで TFA の量を 20 当量にまで増やし、反応を行ったが収
率は変わらなかった(entry 6)。続いて濃度の検討を行ったところ、0.025 M にて反応を行った際に収率
が 88%にまで向上したが、ジアステレオ選択性が低下した(entry 7)。濃度を薄くしたことにより、分子
間反応が抑制されたため、収率が向上したと考えられるが、ジアステレオ選択性が低下した原因は不明
である。続いて溶媒検討を行った。トルエン、アセトニトリル、ニトロメタンを溶媒として反応を行っ
てみたが、ジクロロメタン以上の結果を与えるものは見つからなかった(entries 8-10)。続いて酸の検討
を行った。TfOH や Tf2NH のような強酸を用いた際には反応が複雑化した(entries 11,12)。また
TsOH·H2O を用いた際には痕跡量しか目的物を得ることはできなかった(entries 13,14)。続いて触媒量
のルイス酸を用いて反応を行ってみたところ、いずれも低収率にて目的物が得られるのみであった
(entries 15-17)。そこで entry 5 の TFA 15 当量、溶媒ジクロロメタン、濃度 0.1M を最適条件とした。 
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第４節 基質一般性の検討 
得られた最適条件をもとに基質一般性の検討を行った(Table 4-2)7。またフェノール性水酸基を保護し
ていない基質 55b においても転位反応は進行した(entry 2)。しかし 55b を基質とした場合には若干の収
率及びジアステレオ選択性の低下が見られた。フェノール性水酸基をベンジル基や TBS 基で保護した
基質 55c、55d でも良好な収率にて転位体 56c、56d が得られた(entries 3,4)。またフェニル基上のオル
ト位、メタ位、パラ位に置換基が付いていてもジアステレオ選択性に影響は及ぼさず、非常に高いジア
ステレオ選択性にて目的物 56e-56g が得られた(entries 5-7)。さらにナフチル基を持った基質 55h、55i
やオルト置換の基質 55j、ジメチル基を持った基質 55k などでも本骨格転位反応は進行した(entries 
8-11)。また炭素鎖を１つ短くした基質 55l を用いるとピロリジン誘導体 56l も得ることができた(entry 
12)。 
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第５節 相対立体配置の決定 
 得られた化合物の相対立体配置は下記のように決定した(Scheme 4-4)。 
 
 ピペリジン 56b を超原子価ヨウ素にて酸化することで、スピロシクロヘキサジエノン 58 を合成し、
58 の NOE 相関を調べ、相対立体配置を決定した。 
 
第６節 ジアステレオ選択性発現に関する考察 
生成物が非常に高いジアステレオ選択性にて得られた理由に関しては、下記のように考察している
(Figure 4-3)。 
 
イミニウムカチオンに対するオレフィンの付加では、アリルひずみが最小となる A のような配座から
反応が進行することで、トランス体が優先して得られていると考えられる。続くベンジルカチオンに対
するトリフルオロアセトキシアニオンの付加では、B のような配座から反応が進行していると予想して
いる。つまり、ベンジルカチオンではベンジル位の炭素と芳香環との結合が若干の二重結合性を帯びて
いるため、アリルひずみが最小になるように、芳香環と水素(Ha)とが同一平面に存在する配座が最も安
定であると考えられる。また奥のパラメトキシフェニル基が立体障害として働き、トリフルオロアセト
キシアニオンが手前側から選択的に反応することで、ベンジル位の立体も高度に制御されていると考え
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ている。また、ベンジル位にカチオンを持った電子不足な芳香環と電子供与性の MeO 基を持った電子
豊富な芳香環とのπ電子相互作用も B の配座を安定化する要因の１つとなっていると考えられる。 
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第５章 結語 
 
以上、本論文を纏めると次のようになる。 
筆者は有機触媒を用いたアザマイケル・マイケル連続反応によるγ－ラクタム類の不斉合成に取り組
んだ。市販のフマル酸モノエチルより容易に合成可能な窒素求核剤 1a、1b を用い、プロリン型触媒 5
存在下α、β－不飽和アルデヒドに対してアミド窒素からのアザマイケル反応とそれに続く分子内マイ
ケル反応によって３連続不斉中心を有する５員環ラクタムを得ることができた。また続く塩基処理によ
ってジアステレオ選択性を偏らせ、主生成物を収率良く得られることを見出した。 
 
さらに筆者は基質を環状エノンとした双環状ラクタムの構築に取り組んだ。１級アミン 17 を触媒と
して用いたところアザマイケル・マイケル連続反応の進行が確認された。本基質でも続く塩基処理によ
ってジアステレオ選択性を偏らせることができた。さらに様々な置換基や環構造を有する環状エノンに
対して本反応を試み、双環状ラクタムを得ることに成功した。 
 
 
続いて筆者はフェノール誘導体からの ipso-Friedel-Crafts 型反応によって生成するスピロヘキサジ
エノン中間体からの新規骨格転位反応を発見し、医薬品候補化合物の重要な骨格をもったテトラヒドロ
－β－カルボリン誘導体を最高 99%という良好な収率にて得ることに成功した。また重水素ラベルした
基質を用いることで反応機構の解明に成功した。 
 
 
 更に筆者は二重結合を導入した基質を用いることで、創薬科学的に極めて魅力的な、
cyclopenta[b]indole 骨格を持った化合物を最高 99%収率という高い収率にて得ることに成功した。本反
応では５員環から８員環まで構築可能であり、特に 8 員環と縮環した化合物を収率良く得られることが
58 
 
本反応の最大の魅力である。 
 
 
更に筆者は骨格転位反応の基質の適用拡大に成功し、基質に対して TFA 処理することで同様の骨格
転位反応が進行し、ピロリジンやピペリジン誘導体を非常に高い収率並びにジアステレオ選択性にて得
ることに成功した。 
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Experimental Section 
 
General 
 
     Melting points were measured with a SIBATA NEL-270 melting point apparatus.  Infrared 
(IR) spectra were recorded on a JASCO FT/IR-230 Fourier transform infrared spectrophotometer.  
Optical rotations were measured on a JASCO P-1020 polarimeter with a sodium lamp and were 
recorded as follows: []DT (c, g/100 mL, solvent).   
     1H NMR spectra were recorded on a JEOL JNM-GSX 400A spectrometer, JNM ECP400 
spectrometer, JNM ECP600 spectrometer, JEOL ecs 400 spectrometer, and JEOL eca 600 
spectrometer. Chemical shifts are recorded in ppm from tetramethylsilane or chloroform as the 
internal standard.  Data are recorded as follows: chemical shift, integration, multiplicity (s = 
singlet, d = doublet, t = triplet, q = quartet, br = broad, m = multiplet), coupling constant (Hz), and 
assignment. HPLC was carried out with JASCO UV-970 (Detector) and PU-980 (Pump) high 
pressure liquid chromatography. 
      Analytical thin layer chromatography was performed on Merck Art. 5715, Kieselgel 
60F254/0.25 mm thickness plates. Visualization was accomplished with UV light, phosphomolybdic 
acid, cerium-phosphomolybdic acid, ninhydrin, and anisaldehyde solution followed by heating.  
Mass spectra were obtained on a JEOL HX-110A (LRFAB, LREI) spectrometer. Column 
chromatography was performed with silica gel BW-820MH (Fuji Davison Co.). 
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1. General Procedure for the aza-Michael–Michael Reaction Cascade and Product 
Characterizations 
Cascade Cyclization between Unsaturated Aldehydes and Amides. 
To a stirred solution of 2 (0.39 mmol, 1.3 eq), catalyst (19.5 mg, 0.06 mmol, 20 mol%) and AcOH (3.6 
mg, 0.06 mmol, 20 mol%) in toluene (6.0 mL, 0.05 M) at 40 oC was added 1 (0.30 mmol). After being 
stirred for required time at 40 oC, the reaction mixture was concentrated in vacuo. K2CO3 (91.2 mg, 
0.66 mmol, 2.2 eq) was added to a stirred solution of the crude product in EtOH (3.0 mL, 0.1 M) at 
room temperature. After 2 h, the reaction mixture was diluted with EtOAc, washed with brine, 
dried over Na2SO4, filtered, and concentrated in vacuo. The residue 3 was dissolved in MeOH (3.0 
mL, 0.1 M) at room temperature, treated with NaBH4 (22.7 mg, 0.6 mmol, 2 eq), and stirred for 
several hours. The reaction mixture was diluted with EtOAc, washed with saturated aqueous 
NH4Cl and brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue was purified 
by silica gel column chromatography to give the desired products 4. 
 
NPh
CO2Et
O
OMe
HO
 
colorless oil 1H NMR (400 MHz, CDCl3) 1.28 (3H, t, J = 7.2 Hz), 2.12 (1H, m), 2.48 (1H,t, J = 6.0 
Hz), 2.57 (1H, dd, J = 17.6, 9.2 Hz), 2.81 (1H, dt, J = 2.8, 9.2 Hz), 3.11 (1H, dd, J = 17.6, 4.4 Hz), 3.63 
(3H, s), 3.60-3.72 (2H, m), 4.14-4.20 (2H, m), 4.55 (1H, d, J = 8.4 Hz), 7.32-7.43 (5H, m); 13C NMR 
(100 MHz, CDCl3)  14.1, 34.3, 37.4, 48.6, 59.8, 61.1, 62.5, 62.8, 127.7, 128.6, 128.7, 138.1, 171.7, 
172.6; IR (neat) 3393, 2938, 1695, 1458, 1375, 1250, 1185, 1031, 978, 931, 754, 702 cm-1; HRMS 
(ESI+) calcd for C16H21NNaO5 330.1317 (M+Na+) found 330.1348; HPLC analysis CHIRALCEL 
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OJ-H, (n-hexane/i-PrOH = 90/10, 0.7 mL/min), tR = 17.8 min (minor) and 26.8 min (major); []D22 
-17.6 (c 1.0, CHCl3). 
 
N
CO2Et
O
OMe
HO
TsO  
colorless oil 1H NMR (400 MHz, CDCl3) 1.27 (3H, t, J = 6.8 Hz), 2.05 (3H, s), 2.05-2.11 (1H, m), 
2.46 (3H, s), 2.84 (1H, dt, J = 2.8, 8.8 Hz), 3.05 (1H, dd, J = 17.6, 2.8 Hz), 3.60 (3H, s), 3.56-3.70 (2H, 
m), 4.15-4.20 (2H, m), 4.53 (1H, d, J = 8.4 Hz), 7.33 (2H, d, J = 10.4 Hz), 7.35 (2H, d, J = 10.4 Hz), 
7.73 (2H, d, J = 8.4 Hz); 13C NMR (100 MHz, CDCl3)  14.0, 21.7, 33.9, 37.3, 48.2, 59.6, 61.2, 61.8, 
62.8, 122.7, 128.4, 129.0, 129.8, 132.2, 137.3, 145.5, 149.5, 171.7, 172.4; IR (neat) 3568, 3423, 2938, 
1698, 1597, 1504, 1371, 1197, 1175, 1151, 1092, 1017, 978, 929, 863, 815, 745, 717, 685, 661 cm-1; 
HRMS (ESI+) calcd for C23H27NNaO8S 500.1355 (M+Na+) found 500.1367; HPLC analysis 
CHIRALCEL AD-H, (n-hexane/i-PrOH = 80/20, 1.0 mL/min), tR = 18.9 min (minor) and 25.3 min 
(major); []D23 -216.8 (c 1.0, CHCl3). 
 
N
CO2Et
O
OMe
HO
Me  
colorless oil 1H NMR (400 MHz, CDCl3)  1.27 (t, 3H, J = 9.6 Hz), 2.09-2.13 (m, 1H), 2.37 (s, 3H), 
2.58 (dd, 1H, J = 17.6, 8.8 Hz), 2.87 (dt, 1H, J = 4.4, 8.8 Hz), 3.08 (dd, 1H, J = 17.6, 2.8 Hz), 3.62 (s, 
3H), 3.59-3.70 (m, 2H), 4.14-4.21 (m, 2H), 4.53 (d, 1H, J = 8.4 Hz), 7.21 (d, 2H, J = 8.0 Hz)7.29 (d, 2H, 
J = 8.0 Hz); 13C NMR (100 MHz, CDCl3)  14.1, 21.1, 34.5, 37.5, 48.9, 59.9, 61.2, 62.4, 62.8, 127.6, 
129.5, 135.0, 138.5, 171.8, 172.8; IR (neat) 3568, 3447, 2937, 1697, 1541, 1517, 1375, 1182, 1034, 978, 
929, 810, 770 cm-1; HRMS (ESI+) calcd for C17H23NNaO5 344.1474 (M+Na+) found 344.1487; HPLC 
analysis CHIRALCEL OJ-H, (n-hexane/i-PrOH = 90/10, 1.0 mL/min), tR = 8.6 min (minor) and 13.3 
min (major); []D23 +7.85 (c 0.6, CHCl3). 
 
N
CO2Et
O
OMe
HO
Me  
colorless oil 1H NMR (400 MHz, CDCl3) 1.28 (3H, t, J = 7.2 Hz), 2.38 (3H, s), 2.55 (1H, dd, J = 17.6, 
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2.8 Hz), 2.88 (1H, dt, J = 2.8, 9.2 Hz), 3.02 (1H, dd, J = 17.6, 2.8 Hz), 3.64 (3H, s), 3.62-3.73 (2H, m), 
4.14-4.22 (2H, m), 4.51 (1H, d, J = 8.4 Hz) 7.16-7.31 (5H, m); 13C NMR (100 MHz, CDCl3)  14.1, 21.4, 
34.5, 37.4, 48.8, 59.8, 61.2, 62.5, 62.7, 124.6, 128.3, 128.7, 129.4, 138.0, 138.5, 171.6, 172.8; IR (neat) 
3422, 2937, 1695, 1609, 1375, 1350, 1248, 1183, 1094, 1034, 979, 920, 783, 704 cm-1; HRMS (ESI+) 
calcd for C17H23NNaO5 344.1474 (M+Na+) found 344.1501; HPLC analysis CHIRALCEL OJ-H, 
(n-hexane/i-PrOH = 90/10, 1.0 mL/min), tR = 10.5 min (minor) and 12.6 min (major); []D22 -8.16 (c 
0.88, CHCl3). 
 
N
CO2Et
O
OMe
HO
F  
colorless oil 1H NMR (400 MHz, CDCl3) 1.28 (3H, t, J = 10.8 Hz), 2.06-2.13 (1H, m), 2.41 (1H, t, J = 
6.0 Hz), 2.58 (1H, dd, J = 8.8, 17.6 Hz), 2.86 (1H, dt, J = 2.8, 8.8 Hz), 3.08 (1H, dd, J = 17.6, 2.8 Hz), 
3.62 (3H, s), 3.58-3.71 (2H, m), 4.14-4.22 (2H, m), 4.54 (1H, d, J = 8.4 Hz), 7.10 (2H, t, J = 8.4 Hz), 
7.38-7.41 (m, 2H); 13C NMR (100 MHz, CDCl3) 
d, J = 246 
Hz172.6; IR (neat) 3752, 3413, 2940, 1697, 1605, 1510, 1375, 1227, 1186, 1158, 1097, 1033, 
1014, 978, 928, 846, 750, 666 cm-1; HRMS (ESI+) calcd for C16H20FNNaO5 348.1223 (M+Na+) found 
348.1261; HPLC analysis CHIRALCEL OD-H, (n-hexane/i-PrOH = 85/15, 0.2 mL/min), tR = 63.0 
min (minor) and 71.3 min (major); []D22 -23.0 (c 1.0, CHCl3). 
 
N
CO2Et
O
OMe
HO
Br  
colorless oil 1H NMR (400 MHz, CDCl3) 1.28 (3H, t, J = 7.2 Hz), 2.05-2.12 (1H, m), 2.59 (1H, dd, J = 
17.6, 8.8 Hz), 2.86 (1H, dt, J = 2.8, 8.8 Hz), 3.04 (1H, dd, J = 17.6, 2.8 Hz), 3.58-3.68 (2H, m), 3.64 
(3H, s), 4.15-4.21 (2H, m), 4.55 (1H, d, J = 8.4 Hz), 7.30 (1H, d, J = 8.4 Hz), 7.54 (1H, d, J = 8.4 Hz), 
HPLC analysis CHIRALCEL OJ-H, (n-hexane/i-PrOH = 90/10, 1.0 mL/min), tR = 11.9 min (minor) 
and 23.2 min (major). 
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N
CO2Et
O
OMe
HO
F  
colorless oil 1H NMR (400 MHz, CDCl3) 1.27 (3H, dt, J = 1.2, 7.2 Hz), 2.23 (1H, m), 2.58 (1H, dd, J 
= 17.6, 8.8 Hz), 2.89 (1H, dt, J = 2.8, 8.8 Hz), 3.07 (1H, dd, J = 17.6, 2.8 Hz), 3.68-3.78 (6H, m), 
4.11-4.23 (2H, m), 4.91 (1H, d, J = 7.6 Hz), 7.08-7.12 (2H, m), 7.20 (2H, t, J = 7.6 Hz), 7.31-7.37 (2H, 
m), 7.43 (2H, t, J = 7.6 Hz); 13C NMR (100 MHz, CDCl3) 14.1, 34.8, 37.8, 47.7, 56.3, 61.0, 61.2, 62.6, 
115.9 (d, J = 21.4 Hz), 124.6 (d, J = 3.3 Hz), 125.4 (d, J = 11.6 Hz), 129.0 (d, J = 4.1 Hz), 130.1 (d, J = 
8.2 Hz), 161.2 (d, J = 245 Hz), 171.3, 172.7; IR (neat) 3735, 3420, 2939, 1697, 1617, 1589, 1492, 1458, 
1374, 1234, 1180, 1096, 1034, 978, 848, 754, 666 cm-1; HRMS (ESI+) calcd for C16H20FNNaO5 
348.1223 (M+Na+) found 348.1255; HPLC analysis CHIRALCEL AD-H, (n-hexane/i-PrOH = 90/10, 
1.0 mL/min), tR = 20.4 min (minor) and 23.5 min (major); []D22 +4.70 (c 1.0, CHCl3). 
 
N
CO2Et
O
OMe
HO
O2N  
pale yellow oil 1H NMR (400 MHz, CDCl3) 2.12-2.19 (1H, m), 2.64 (1H, dd, J = 17.6, 8.0 Hz), 
2.85-2.91 (1H, m), 2.99 (1H, dd, J = 17.6, 2.8 Hz), 3.68 (3H, s), 3.63-3.77 (2H, m), 4.15-4.22 (2H, m), 
4.76 (1H, d, J = 8.4 Hz), 7.64 (2H, d, J = 8.8 Hz), 8.27 (2H, d, J = 8.8 Hz); 13C NMR (100 MHz, CDCl3) 
14.1, 33.9, 37.2, 33.9, 37.2, 33.9, 37.2, 48.4, 59.7, 61.3, 61.8, 62.8, 124.1, 128.6, 146.1, 148.1, 171.7, 
172.3; IR (neat) 3568, 3448, 2984, 1698, 1603, 1521, 1457, 1376, 1345, 1186, 1107, 1014, 977, 929, 
856, 833, 815, 747, 698, 666 cm-1; HRMS (ESI+) calcd for C16H20FN2NaO7 375.1168 (M+Na+) found 
375.1191; HPLC analysis CHIRALCEL AD-H, (n-hexane/i-PrOH = 80/20, 0.7 mL/min), tR = 15.8 
min (major) and 21.1 min (minor); []D23 -114.3 (c 0.72, CHCl3).  
 
N
CO2Et
O
OMe
HO
NO2  
pale yellow oil 1H NMR (400 MHz, CDCl3) 1.28 (3H, t, J = 7.2 Hz), 2.12-2.18 (1H, m), 2.63 (1H, dd, 
J = 17.6, 8.4 Hz), 2.90 (1H, dt, J = 2.4, 8.4 Hz), 3.06 (1H, dd, J = 17.6, 2.4 Hz), 3.67 (3H, s), 3.62-3.71 
(2H, m), 4.15-4.22 (2H, m), 4.72 (1H, d, J = 8.4 Hz), 7.62 (1H, dd, J = 8.0, 7.6 Hz), 7.81 (1H, d, J = 7.6 
H), 8.24 (1H, d, J = 8.0 Hz), 8.30 (1H, s); 13C NMR (100 MHz, CDCl3) 14.1, 34.0, 37.2, 48.5, 59.5, 
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61.3, 61.8, 62.8, 122.7, 123.6, 130.0, 133.8, 140.9, 148.5, 171.7, 172.4; IR (neat) 3414, 1725, 1531, 
1351, 1190, 1032, 738, 689 cm-1; HRMS (ESI+) calcd for C16H20FN2NaO7 375.1168 (M+Na+) found 
375.1210; HPLC analysis CHIRALCEL OJ-H, (n-hexane/i-PrOH = 80/20, 0.7 mL/min), tR = 28.0 min 
(major) and 35.3 min (minor); []D23 -226.2 (c 1.0, CHCl3).  
 
N
CO2Et
O
OMe
HO
N  
colorless oil 1H NMR (400 MHz, CDCl3) 1.28 (3H, t, J = 7.2 Hz), 2.14-2.18 (1H, m), 2.44 (1H, t, J = 
6.0 Hz), 2.89 (1H, dt, J = 2.8, 8.8 Hz), 3.05 (1H, dd, J = 17.6, 2.8 Hz), 3.65 (3H, s), 3.65-3.73 (2H, m), 
4.16-4.21 (2H, m), 4.62 (1H, d, J = 8.4 Hz), 7.37 (1H, dd, J = 4.8, 8.8 Hz), 7.80 (1H, d, J = 8.0 Hz), 
8.23 (1H, d, J = 4.8 Hz), 8.66 (1H, s); 13C NMR (100 MHz, CDCl3) 14.1, 33.7, 37.3, 47.9, 59.3, 60.1, 
61.1, 62.8, 123.9, 134.4, 135.5, 149.2, 149.8, 171.8, 172.1; IR (neat) 3854, 3395, 2939, 1708, 1579, 
1434, 1375, 1318, 1183, 1027, 977, 928, 749, 714, 665 cm-1; HRMS (ESI+) calcd for C15H20N2NaO5 
331.1270 (M+Na+) found 331.1280; HPLC analysis CHIRALCEL AD-H, (n-hexane/i-PrOH = 80/20, 
0.3 mL/min), tR = 31.3 min (minor) and 34.9 min (major); []D23 -22.6 (c 1.0, CHCl3).  
 
NMe
CO2Et
O
OBn
HO
 
colorless oil 1H NMR (400 MHz, CDCl3)  1.23 (3H, d, J = 6.4 Hz), 1.28 (3H, t, J = 7.2 Hz), 2.44 (1H, 
dd, J = 17.6, 9.6 Hz), 2.70 (1H, dt, J = 3.2, 9.6 Hz), 3.02 (1H, dd, J = 17.6, 3.2 Hz), 3.34 (1H, dq, J = 
7.2, 6.0 Hz), 3.60 (2H, br), 4.15-4.21 (2H, m), 4.94 (1H, d, J = 9.2 Hz), 5.10 (1H, d, J = 9.2 Hz), 
7.36-7.46 (5H, m); 13C NMR (100 MHz, CDCl3) 14.1, 18.3, 35.0, 37.7, 47.5, 54.9, 61.1, 61.5, 77.2, 
128.5, 128.8, 129.5, 134.9, 170.4, 172.9; IR (neat) 3395, 2979, 1690, 1455, 1376, 1181, 1021, 910, 852, 
748, 698, 665 cm-1; HRMS (ESI+) calcd for C17H23NNaO5 344.1474 (M+Na+) found 344.1509; HPLC 
analysis CHIRALCEL AD-H, (n-hexane/i-PrOH = 90/10, 1.0 mL/min), tR = 22.9 min (major) and 
25.5 min (minor); []D23 +53.7 (c 1.0, CHCl3).  
 
N
CO2Et
O
OBn
HO
 
colorless oil 1H NMR (400 MHz, CDCl3)  0.94-1.53 (4H, m), 1.43-1.53 (2H, m), 1.49 (3H, t, J = 12.8 
Hz), 1.68-1.75 (4H, m), 1.88-1.91 (1H, m), 2.38 (1H, dd, J = 17.2, 10.8 Hz), 2.65 (1H, m), 2.93 (1H, t, J 
= 4.0 Hz), 3.02 (1H, dd, J = 17.2, 3.2 Hz), 3.41-3.44 (2H, m), 4.13-4.19 (2H, m), 4.93 (1H, d, J = 6.8 
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Hz), 5.04 (1H, d, J = 6.8 Hz), 7.37-7.39 (3H, m), 7.41-7.44 (2H, m); 13C NMR (100 MHz, CDCl3) 14.1, 
25.9, 26.3 (×2), 27.3, 28.2, 35.9, 38.2, 38.6, 40.2, 61.3, 63.4, 65.4, 75.9, 128.5, 129.0, 129.7, 134.8, 
169.1, 173.3; IR (neat) 3394, 2925, 2853, 1732, 1685, 1450, 1416, 1373, 1178, 1028, 970, 908, 842, 
749, 699, 666 cm-1; HRMS (ESI+) calcd for C22H31NNaO5 412.2100 (M+Na+) found 412.2118; HPLC 
analysis CHIRALCEL AD-H, (n-hexane/i-PrOH = 90/10, 1.0 mL/min), tR = 22.2 min (minor) and 
27.5 min (major); []D23 +97.5 (c 1.0, CHCl3). 
 
Cascade Cyclization between Unsaturated Cyclic Ketones and Amides. 
 
To a stirred solution of ketone (0.42 mmol, 1.4 eq), catalyst (19.5 mg, 0.06 mmol, 20 mol%) and 
AcOH (7.2 mg, 0.12 mmol, 40 mol%) in toluene (6.0 mL, 0.05 M) at room temperatute was added 1b 
(74.8 mg, 0.30 mmol). After being stirred for required time at room temperature, the reaction 
mixture was concentrated in vacuo. DBU (109.6 mg, 0.72 mmol, 2.4 eq) was added to a stirred 
solution of the crude product in EtOH (3.0 mL, 0.1 M) at room temperature. After 4 h, the reaction 
mixture was quenched with saturated aqueous NH4Cl and extracted with EtOAc. The organic layer 
was washed with brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue was 
purified by silica gel column chromatography to give the desired products 
 
 
colorless oil 1H NMR (400 MHz, CDCl3)  0.88 (3H, t, J = 7.2 Hz), 1.61-1.82 (3H, m), 2.00-2.06 (1H, 
m), 2.33-2.39 (1H, m), 2.43-2.51 (1H, m), 2.70 (1H, dd, J = 17.2, 7.2 Hz), 2.72 (1 H, t, J = 7.2 Hz), 2.78 
(1H, dd, J = 17.2, 4.4 Hz), 3.10 (1H, ddd, J = 7.2, 7.2, 4.4 Hz), 3.90 (1H, ddd, J = 7.2, 7.2, 5.2 Hz), 4.13 
(2H, q, J = 7.2 Hz), 4.99 (1H, d, J = 10.8 Hz), 5.03 (1H, d, J = 10.8 Hz), 7.36-7.39 (3H, m), 7.43-7.46 
(2H, m); 13C NMR (100 MHz, CDCl3) 14.1, 19.2, 25.9, 33.9, 36.9, 39.1, 47.8, 57.9, 61.0, 77.2, 128.6, 
128.9, 129.5, 135.1, 171.08, 171.12, 208.3; IR (neat) 2945, 1715, 1456, 1375, 1184, 1031, 753, 701 
cm-1; HRMS (ESI+) calcd for C19H23NNaO5 368.1474 (M+Na+) found 368.1504; HPLC analysis 
CHIRALCEL AD-H, (n-hexane/i-PrOH = 90/10, 1.0 mL/min), tR = 27.4 min (major) and 34.7 min 
(minor); []D23 +4.68 (c 1.0, CHCl3).  
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colorless oil 1H NMR (400 MHz, CDCl3)  1.24-1.28 (3H, m), 1.31 (3H, s), 1.58-1.68 (1H, m), 
1.75-1.83 (1H, m), 1.91-1.97 (2H, m), 2.35-2.41 (1H, m), 2.47 (1H, d, J = 10.4 Hz), 2.56 (1H, dd, J = 
17.2, 8.0 Hz), 2.59 (1H, dt, J = 16.4, 6.0 Hz), 2.91 (1H, dd, J = 17.2, 4.0 Hz), 2.99 (1H, ddd, J = 10.4, 
8.0, 4.0 Hz), 4.11-4.17 (2H, m), 4.98 (1H, d, J = 10.0 Hz), 5.18 (1H, d, J = 10.0 Hz), 7.36-7.41 (3H, m), 
7.45-7.47 (2H, m); 13C NMR (100 MHz, CDCl3) 14.1, 19.9, 24.1, 32.3, 34.1, 37.6, 38.4, 57.3, 61.0, 
64.1, 78.8, 128.5, 128.9, 129.5, 134.8, 169.7, 170.9, 208.5; IR (neat) 2977, 1708, 1455, 1378, 1184, 
1031, 1005, 751, 700 cm-1; HRMS (ESI+) calcd for C20H25NNaO5 382.1630 (M+Na+) found 382.1652; 
HPLC analysis CHIRALCEL OD-H, (n-hexane/i-PrOH = 90/10, 1.0 mL/min), tR = 25.3 min (major) 
and 35.2 min (minor); []D23 +47.8 (c 1.0, CHCl3). 
 
 
(major isomer) colorless oil 1H NMR (400 MHz, CDCl3)  1.26 (3H, t, J = 7.2 Hz), 1.87-1.93 (1H, m), 
1.97-2.07 (1H, m), 2.07-2.25 (2H, m), 2.54 (1H, br, J = 7.2 Hz), 2.73-2.76 (1H, m), 2.76 (1H, dd, J = 
17.2, 4.4 Hz), 2.84 (1H, dd, J = 17.2, 7.2 Hz), 4.15 (2H, q, J = 7.2 Hz), 4.40 (1H, br, J = 6.4 Hz), 5.06 
(1H, d, J = 10.8 Hz), 5.10 (1H, d, J = 10.8 Hz), 7.37-7.42 (3H, m), 7.44-7.47 (2H, m); 13C NMR (100 
MHz, CDCl3) 14.1, 23.5, 34.2, 35.2, 38.4, 47.9, 59.7, 61.0, 76.3, 128.6, 129.0, 129.7, 135.2, 171.0, 
171.8, 217.2; IR (neat) 2980, 1712, 1454, 1376, 1335, 1312, 1256, 1184, 1146, 1111, 1069, 1028, 983, 
909, 752, 701 cm-1; HRMS (ESI+) calcd for C18H21NNaO5 354.1317 (M+Na+) found 354.1339; HPLC 
analysis CHIRALCEL OD-H, (n-hexane/i-PrOH = 90/10, 1.0 mL/min), tR = 27.6min (major) and 46.1 
min (minor); []D23 +110.0 (c=0.32, CHCl3, 56% ee), []D20 +77.6 (c 0.58, CHCl3, 71% ee, dr=76:24) 
 
 
(major isomer) colorless oil ; 1H NMR (400 MHz, CDCl3)  1.26 (3H, t, J = 6.8 Hz), 1.24-1.33 (2H, m), 
1.42-1.52 (1H, m), 1.71-1.81 (1H, m), 1.92-1.98 (1H, m), 2.09-2.15 (1H, m), 2.32 (1H, ddd, J = 19.6, 
13.2, 3.6 Hz), 2.43-2.48 (1H, m), 2.66 (1H, dd, J = 16.4, 4.8 Hz), 2.72 (1H, dd, J = 16.4, 6.0 Hz), 3.09 
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(1H, ddd, J = 10.8, 6.0, 4.8 Hz), 3.15 (1H, ddd, J = 11.2, 10.0, 2.8 Hz), 3.27 (1H, t, J = 10.0 Hz), 
4.09-4.15 (2H, m), 4.93 (1H, d, J = 10.4 Hz), 5.17 (1H, d, J = 10.4 Hz), 7.35-7.40 (3H, m), 7.43-7.46 
(2H, m); 13C NMR (100 MHz, CDCl3) 14.1, 22.8, 26.2, 33.0, 34.1, 36.1, 43.2, 53.1, 59.5, 60.7, 78.1, 
128.5, 128.9, 129.6, 134.8, 171.3, 171.4, 208.0; IR (neat), 2935, 1707, 1454, 1370, 1300, 1247, 1180, 
1141, 1029, 909, 845, 748, 698, 665 cm-1; HRMS (ESI+) calcd for C20H25NNaO5 382.1630 (M+Na+) 
found 382.1658 ; HPLC analysis CHIRALCEL OJ-H, (n-hexane/i-PrOH = 90/10, 1.0 mL/min), tR = 
28.5min (minor) and 35.6 min (major); []D23 -7.24 (c=1.0, CHCl3, 76% ee), []D21 -32.2 (c 0.67, CHCl3, 
99% ee, dr=80:20) 
 
2. Experimental Procedures for the Synthesis of Multi-Reactive Substrates 1a, and 1b 
 
O-Methylhydroxylamine hydrochloride (8.35 g, 100 mmol) and NaHCO3 (13.3 g, 158.3 mmol) were 
dissolved in toluene (50 mL) and water (50 mL), and the mixture was cool to 0 oC. Then a solution of 
3-chlorocarbonyl-acrylic acid ethyl ester (58.3 mmol, prepared according to the literature procedure) 
in CH2Cl2 was added dropwise at 0 oC. After being stirred for 20 min at the same temperature, the 
aqueous layer was extracted 5 times with EtOAc. The combined organic layers were washed with 
1N aqueous HCl and brine, dried over Na2SO4, and concentrated in vacuo. The residue was purified 
by silica gel column chromatography (hexane/EtOAc=1/2) to give 1a (9.45 g, 94%) as white solids; 
melting point 81 oC; 1H NMR (400 MHz, CDCl3)  1.31 (3H, t, J = 7.2 Hz), 3.84 (3H, s), 4.25 (2H, q, J 
= 7.2 Hz), 6.82-6.93 (2H, br); 13C NMR (100 MHz, CDCl3) 165.4, 161.8, 133.2, 131.0, 64.1, 61.2, 
13.9; IR (neat) 3120, 2979, 1719, 1669, 1651, 1518, 1477, 1443, 1393, 1362, 1329, 1296, 1234, 1202, 
1173, 1117, 1069, 1033, 1002, 976, 937, 872, 794, 678 cm-1; EI-LRMS m/z 173 (M+); EI-HRMS calcd 
for C7H11NO4 173.0688 (M +) found 173.0687. 
 
 
O-Benzylhydroxylamine hydrochloride (6.38 g, 40 mmol) and NaHCO3 (6.28 g, 74.4 mmol) were 
dissolved in toluene (50 mL) and water (50 mL), and the mixture was cool to 0 oC. Then a solution of 
3-chlorocarbonyl-acrylic acid ethyl ester (34.7 mmol, prepared according to the literature procedure) 
in CH2Cl2 was added dropwise at 0 oC. After being stirred for 10 min at the same temperature, the 
reaction mixture was acidified with 1N aqueous HCl (50 mL). Then the aqueous layer was extracted 
twice with toluene. The combined organic layers were washed with brine, dried over Na2SO4, and 
concentrated in vacuo. The residue was purified by silica gel column chromatography 
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(hexane/EtOAc=2/1) to give 1b as a colorless oil (7.88 g, 91%, solidified by placing in freezer); 1H 
NMR (400 MHz, CDCl3)  7.56 (5H, br), 6.85 (1H, br), 4.95 (1H, br), 4.21 (2H, dq, J = 1.2, 6.8 Hz), 
1.29 (3H, dt, J = 1.2, 6.8 Hz); 1H NMR (400 MHz, CDCl3, -20 oC, major rotamer)  10.57 (1H, br), 
7.33-7.40 (5H, m), 6.97 (1H, d, J = 10.4 Hz), 6.86 (1H, d, J = 10.4 Hz), 4.91 (2H, s), 4.09 (2H, q, J = 
4.4 Hz), 1.28 (3H, t, J = 4.4 Hz) (minor rotamer was also detected at a rate of about 9%);  13C NMR 
(100 MHz, CDCl3, -20 oC, major rotamer) 165.6, 161.4, 134.6, 133.3, 130.6, 129.2, 128.7, 128.4, 
78.1, 61.3, 13.9 (a small amount of rotamer was also detected); IR (neat) 3175, 2982, 1721, 1666, 
1497, 1455, 1367, 1299, 1271, 1228, 1165, 1026, 974, 905, 867, 747, 697 cm-1; HRMS (ESI+) calcd for 
C13H15NNaO4 272.0899 (M+Na+) found 272.0928. 
 
3. Structural Determination of the Products 
 
To a stirred solution of 3a (50 mg, 0.16 mmol) in THF (1.5 mL, 0.1 M) at room temperature was 
added slowly BH3 .THF (1 M in THF, 0.5 mL, 0.51 mmol). After being stirred for 4 h the reaction 
mixture was heated to reflux. After being stirred at reflux for 2 h, 10% HCl was added at 0 °C. After 
being stirred at 0 °C for 0.5 h, the reaction mixture was basified with 10% NaOH and extracted with 
CH2Cl2. The organic phase was washed with brine, dried over Na2SO4, and filtered, and 
concentrated in vacuo. The residue was purified by silica gel column chromatography 
(hexane/EtOAc=1/2) to give 9 (23.4 mg, 49%); 1H NMR (400 MHz, CDCl3):  1.27 (3H, t, J = 7.2 Hz), 
1.80-1.85 (1H, m), 2.49-2.55 (1H, m), 2.59 (1H, dd, J = 16.4, 6.4 Hz), 2.68 (1H, dd, J = 16.4, 8.4 Hz), 
3.02 (1H, dd, J = 9.6, 8.4 Hz), 3.29 (1H, dd, J = 9.6, 1.2 Hz), 3.32 (3H, s), 3.51 (1H, d, J = 10.4 Hz), 
3.53-3.69 (2H, m), 4.14 (2H, q, J = 7.2 Hz), 7.25-7.29 (1H, m), 7.31-7.35 (2H, m), 7.40-7.43 (2H, m); 
13C NMR (100 MHz, CDCl3):14.1, 33.6, 40.4, 53.2, 59.5, 60.8, 61.2, 63.4, 74.2, 127.4, 127.8, 128.3, 
141.1, 173.5.  
 
 
To a stirred solution of 9 (23.4 mg, 0.078 mmol) in EtOH (ca 2 mL) at room temperature was added 
Raney-Ni. After being stirred at room temperature for 6 h under an atmosphere of hydrogen, the 
reaction mixture was filtered through a pad of Celite. The filtrate was concentrated in vacuo. The 
residue was dissolved in CH2Cl2 (2 mL), followed by Et3N (33 mol, 0.24 mmol) and TsCl (15.2 mg, 
0.078 mmol) was added at 0 oC. The reaction mixture was warm at room temperature and stirred. 
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After being stirred for 24 h, the reaction mixture was directly purified by silica gel column 
chromatography (hexane/EtOAc=1/1) to give 10 (12.8 mg, 38%(2 steps)); 1H NMR (400 MHz, 
CDCl3):  1.24 (3H, t, J = 7.2 Hz), 1.84-1.89 (1H, m), 1.95 (1H, dd, J = 7.2, 5.2 Hz), 2.15-2.22 (1H,m), 
2.33-2.48 (2H, m), 2.42 (3H, s), 3.34 (1H, dd, J = 11.2, 10.0 Hz), 3.41-3.46 (2H, m), 3.93 (1H, dd, J = 
11.2, 7.6 Hz), 4.12 (2H, q, J = 7.2 Hz), 4.47 (1H, d, J = 8.4 Hz), 7.22-7.31 (7H, m), 7.61 (2H, d, J = 
8.4 Hz).  
 
 
To a stirred solution of 10 (12.8 mg, 0.031 mmol) in CH2Cl2 (1.0 mL) at room temperature was added 
DMP (21.2 mg, 0.05 mmol). After being stirred at room temperature for 1 h, the reaction mixture 
was directly purified by silica gel column chromatography (hexane/EtOAc=2/1) to give 11 (7.2 mg, 
56%); 1H NMR (400 MHz, CDCl3):  1.23 (3H, dt, J = 1.2, 7.2 Hz), 2.36-2.48 (2H, m), 2.44 (3H, s), 
2.80 (1H, t, J = 6.4 Hz), 3.36 (1H, dd, J = 11.6, 7.6 Hz), 3.99 (1H, dd, J = 11.6, 6.4 Hz), 4.10 (2H, dq, J 
= 1.2, 7.2 Hz), 4.98 (1H, d, J = 7.2 Hz), 7.26-7.34 (7H, m), 7.64 (2H, d, J = 7.6 Hz), 9.48 (1H, s); [a]D22 
-95.1 (c 0.36, CHCl3). 
 
 
To a stirred solution of 13a (72.3 mg, 0.21 mmol) in MeOH (2 mL, 0.1 M) at 0 oC was added NaBH4 
(15.1 mg, 0.42 mmol, 2.0 eq). After being stirred for 13 h at room temperature, the reaction mixture 
was quenched with saturated aqueous NH4Cl, and extracted twice with EtOAc. The combined 
extracts were washed with brine, dried over Na2SO4, filtered, and concentrated in vacuo. The 
residue was purified by silica gel column chromatography (hexane/EtOAc=1/1) to give 26 as a 
colorless oil (64.8 mg, 89%); 1H NMR (400 MHz, CDCl3):  1.10-1.15 (2H, m), 1.26 (3H, t, J = 7.2 Hz), 
1.37-1.47 (1H, m), 1.67-1.72 (1H, m),1.77-1.81 (1H, m), 2.01 (1H, ddd, J = 16.0, 11.2, 9.6 Hz), 2.35 
(1H, ddd, J = 12.0, 10.4, 6.0 Hz), 2.63 (1H, dd, J = 17.2, 7.2 Hz), 2.64 (1H, d, J = 6.4 Hz), 2.82 (1H, 
ddd, J = 10.4, 7.2, 3.6 Hz), 2.99 (1H, dd, J = 17.2, 3.6 Hz), 3.30 (1H, ddd, J = 12.0, 9.2, 6.4 Hz), 3.78 
(1H, ddd, J = 16.0, 10.8, 5.6 Hz), 4.16 (2H, q, J = 7.2 Hz), 4.92 (1H, d, J = 11.2 Hz), 5.00 (1H, d, J = 
11.2 Hz), 7.36-7.38 (3H, m), 7.41-7.44 (2H, m); 13C NMR (100 MHz, CDCl3):14.1, 19.4, 26.1, 29.7, 
35.3, 35.4, 41.8, 56.9, 60.9, 69.1, 77.3, 128.4, 128.6, 129.2, 135.4, 172.6, 173.4. 
 
75 
 
 
To a stirred solution of 13a and 13b (34.4 mg, 0.1 mmol, dr = 41:59) in MeOH (1 mL, 0.1 M) at 0 oC 
was added NaBH4 (7.6 mg, 0.2 mmol, 2.0 eq). After being stirred for 10 h at room temperature, the 
reaction mixture was quenched with water, and extracted twice with EtOAc. The combined extracts 
were washed with and brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue 
was purified by silica gel column chromatography (hexane/EtOAc=from 2/1 to 0/1) to give 27 as 
colorless crystals (10.8 mg, 36%); 1H NMR (400 MHz, CDCl3):  1.33-1.53 (4H, m), 2.10-2.19 (2H, m), 
2.55 (1H, ddd, J = 12.0, 10.0, 6.0 Hz), 2.61 (1H, dd, J = 16.0, 5.6 Hz), 3.03 (1H, ddd, J = 8.4, 6.0, 2.8 
Hz), 3.10 (1H, dd, J = 16.0, 2.8 Hz), 3.74 (1H, ddd, J = 6.4, 4.0, 2.4 Hz), 4.44 (1H, ddd, J = 5.6, 2.8, 2.8 
Hz), 4.92 (1H, d, J = 10.0 Hz), 5.12 (1H, d, J = 10.0 Hz), 7.35-7.44 (5H, m); IR (neat) 3870, 2940, 1744, 
1707, 1346, 1269, 1146, 1047, 985, 912, 753, 700 cm-1; ESI-LRMS m/z 324 (M+Na+). 
 
 
colorless oil; 1H NMR (600 MHz, CDCl3):  1.27 (3H, t, J = 6.6 Hz), 1.29-1.34 (1H, m), 1.59-1.63 (1H, 
m),2.07-2.11 (2H, m), 2.30-2.37 (2H, m), 2.69-2.79 (3H, m, overlapped), 2.87 (1H, t, J = 11.4 Hz), 3.13 
(1H, ddd, J = 11.4, 11.4, 3.0 Hz), 4.11-4.17 (2H, m), 4.94 (1H, d, J = 10.2 Hz), 5.10 (1H, d, J = 10.2 Hz), 
7.36-7.40 (3H, m), 7.45-7.46 (2H, m). 
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1. General Procedure for the Acid-Promoted Novel Skeletal Rearrangement and Product 
Characterizations 
 
 
General Procedure: To a stirred solution of 32 (0.1 mmol) in CH2Cl2 (3.2 mL) at 0 oC was added TFA 
(0.8 mL, 1.0 M in CH2Cl2, 0.8 mmol). After being stirred for required time at 0 oC, the reaction 
mixture was concentrated in vacuo. The residue was purified by silica gel column chromatography 
to give the desired products 33. 
 
 
Reaction time 2.5 h; 
White solid; melting point 88-91 °C;  
Rf 0.21 (n-hexane/EtOAc = 3/1); 
91% yield; 
 
1H NMR (400 MHz, CDCl3)  1.70 (s, 9H), 2.40 (s, 3H), 3.00 (dd, 1H, J = 12.0, 7.2 Hz), 3.83 (dd, 1H, J 
= 12.0, 5.2 Hz), 4.24 (br-dd, 1H, J = 7.2, 5.2 Hz), 4.41 (d, 1H, J = 16.4 Hz), 4.78 (d, 1H, J = 16.4 Hz), 
5.33 (br-s, 1H), 6.72 (d, 2H, J = 8.0 Hz), 6.76 (d, 1H, J = 7.6 Hz), 6.98 (t, 1H, J = 7.6 Hz), 7.00 (d, 2H, 
J = 8.0 Hz), 7.20 (t, 1H, J = 7.6 Hz), 7.26 (d, 2H, J = 8.4 Hz), 7.67 (d, 2H, J = 8.4 Hz), 8.11 (d, 1H, J = 
8.4 Hz); 13C NMR (100 MHz, CDCl3)  21.5, 28.3 (×3), 39.4, 45.8, 51.4, 84.5, 115.3, 115.5 (×2), 117.4, 
119.6, 122.6, 124.1, 127.6 (×2), 127.8, 129.5 (×2), 129.7 (×2), 131.0, 132.3, 133.7, 136.0, 143.7, 149.9, 
154.9; IR (ATR) ν 1725, 1515, 1452, 1370, 1355, 1320, 1253, 1228, 1144, 1115, 1093, 1043, 999, 959, 
903, 836, 814, 765, 735, 711, 697, 657 cm-1; HRMS (ESI+) calcd for C29H30N2NaO5S 541.1773 
(M+Na+) found 541.1763. 
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Reaction time 6 h; 
White solid; melting point 126-131 °C;  
Rf 0.40 (n-hexane/EtOAc = 3/1); 
90% yield; 
 
1H NMR (400 MHz, CDCl3)  1.71 (s, 9H), 2.41 (s, 3H), 2.97 (dd, 1H, J = 12.0, 8.0 Hz), 3.79 (s, 3H), 
3.88 (dd, 1H, J = 12.0, 5.6 Hz), 4.24 (br-dd, 1H, J = 8.0, 5.6 Hz), 4.37 (d, 1H, J = 16.8 Hz), 4.82 (d, 1H, 
J = 16.8 Hz), 6.74 (d, 1H, J = 7.6 Hz), 6.80 (d, 2H, J = 8.0 Hz), 6.99 (t, 1H, J = 7.6 Hz), 7.08 (d, 2H, J = 
8.0 Hz), 7.20 (t, 1H, J = 7.6 Hz), 7.29 (d, 2H, J = 8.0 Hz), 7.68 (d, 2H, J = 8.0 Hz), 8.11 (d, 1H, J = 7.6 
Hz); 13C NMR (100 MHz, CDCl3)  21.5, 28.3 (×3), 39.4, 45.8, 51.4, 55.2, 84.4, 114.0 (×2), 115.3, 117.4, 
119.6, 122.6, 124.1, 127.6 (×2), 127.9, 129.4 (×2), 129.7 (×2), 131.1, 132.3, 133.7, 136.0, 143.7, 149.9, 
158.8; IR (ATR) ν 1728, 1510, 1453, 1355, 1247, 1158, 1115, 1034, 960, 832, 764, 657 cm-1; HRMS 
(ESI+) calcd for C30H32N2NaO5S 555.1930 (M+Na+) found 555.1884. 
 
 
Reaction time 8 h; 
White solid; melting point 87-91 °C;  
Rf 0.38 (n-hexane/EtOAc = 3/1); 
98% yield; 
 
1H NMR (400 MHz, CDCl3)  1.70 (s, 9H), 2.40 (s, 3H), 2.99 (dd, 1H, J = 12.0, 7.6 Hz), 3.87 (dd, 1H, J 
= 12.0, 5.6 Hz), 4.26 (dd, 1H, J = 7.6, 5.6 Hz), 4.38 (d, 1H, J = 16.4 Hz), 4.81 (d, 1H, J = 16.4 Hz), 5.02 
(s, 2H), 6.75 (d, 1H, J = 7.6 Hz), 6.88 (d, 2H, J = 8.4 Hz), 6.99 (t, 1H, J = 7.6 Hz), 7.09 (d, 2H, J = 8.4 
Hz), 7.20 (t, 1H, J = 7.6 Hz), 7.24-7.43 (m, 7H), 7.68 (d, 2H, J = 8.4 Hz), 8.11 (d, 1H, J = 8.4 Hz); 13C 
NMR (100 MHz, CDCl3)  21.5, 28.2 (×3), 39.4, 45.8, 51.4, 70.0, 84.4, 114.9 (×2), 115.3, 117.4, 119.6, 
122.6, 124.1, 127.5 (×2), 127.6 (×2), 127.8, 128.0, 128.5 (×2), 129.4 (×2), 129.7 (×2), 131.0, 132.6, 
133.7, 136.0, 136.9, 143.7, 149.9, 158.0; IR (ATR) ν 1727, 1508, 1453, 1355, 1227, 1163, 1115, 1018, 
831, 735 cm-1; HRMS (ESI+) calcd for C36H36N2NaO5S 631.2243 (M+Na+) found 631.2264. 
 
 
Reaction time 3 h; 
White solid; melting point 163 °C;  
Rf 0.29 (n-hexane/EtOAc = 4/1); 
83% yield; 
 
1H NMR (400 MHz, CDCl3)  1.71 (s, 9H), 2.39 (s, 3H), 3.33 (dd, 1H, J = 12.0, 5.2 Hz), 3.67 (dd, 1H, J 
= 12.0, 5.2 Hz), 3.91 (s, 3H), 4.60 (s, 2H), 4.74 (t, 1H, J = 5.2 Hz), 6.71-6.74 (m, 2H), 6.85 (d, 1H, J = 
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8.0 Hz), 6.91 (d, 1H, J = 8.4 Hz), 7.01 (t, 1H, J = 8.0 Hz), 7.19-7.25 (m, 4H), 7.63 (d, 2H, J = 8.4 Hz), 
8.13 (d, 1H, J = 8.4 Hz); 13C NMR (100 MHz, CDCl3)  21.5, 28.2 (×3), 32.4, 45.6, 49.2, 55.4, 84.3, 
110.2, 115.3, 117.0, 119.3, 120.4, 122.6, 124.1, 127.6 (×2), 127.9, 128.1 (×2), 129.5, 129.6 (×2), 131.5, 
134.0, 136.0, 143.4, 149.8, 156.9; IR (ATR) ν1728, 1491, 1455, 1355, 1241, 1145, 1107, 1025, 961, 813, 
733 cm-1; HRMS (ESI+) calcd for C30H32N2NaO5S 555.1930 (M+Na+) found 555.1916. 
 
 
Reaction time 7 h; 
White solid; melting point 162 °C;  
Rf 0.33 (n-hexane/EtOAc = 2/1); 
75% yield; 
 
1H NMR (400 MHz, CDCl3)  2.38 (s, 3H), 2.91 (dd, 1H, J = 12.0, 8.0 Hz), 3.77 (s, 3H), 3.84 (dd, 1H, J 
= 12.0, 4.8 Hz), 4.24 (br-dd, 1H, J = 8.0, 4.8 Hz), 4.30 (d, 1H, J = 16.4 Hz), 4.78 (d, 1H, J = 16.4 Hz), 
5.44 (d, 1H, J = 12.4 Hz), 5.47 (d, 1H, J = 12.4 Hz), 6.73 (d, 1H, J = 8.0 Hz), 6.80 (d, 2H, J = 8.4 Hz), 
6.99 (t, 1H, J = 8.0 Hz), 7.06 (d, 2H, J = 8.4 Hz), 7.18-7.21 (m, 3H), 7.44-7.55 (m, 7H), 8.12 (d, 1H, J = 
8.8 Hz); 13C NMR (100 MHz, CDCl3)  21.5, 39.4, 45.6, 51.4, 55.2, 69.2, 114.0 (×2), 115.4, 118.2, 119.8, 
123.0, 124.4, 127.5 (×2), 128.0, 129.0 (×2), 129.0 (×2), 129.0, 129.4 (×2), 129.7 (×2), 131.0, 132.1, 
133.6, 134.6, 136.0, 143.5, 151.1, 158.8; IR (ATR) ν 1732, 1510, 1455, 1394, 1326, 1247, 1163, 1115, 
815, 732 cm-1; HRMS (ESI+) calcd for C33H30N2NaO5S 589.1773 (M+Na+) found 589.1743. 
 
 
Reaction time 5 h; 
White solid; melting point 83-85 °C ; 
Rf 0.36 (n-hexane/EtOAc = 2/1); 
99% yield;  
 
 1H NMR (400 MHz, CDCl3)  2.36 (s, 3H), 2.41 (s, 3H), 2.95 (dd, 1H, J = 12.0, 7.6 Hz), 3.76 (s, 3H), 
3.87 (dd, 1H, J = 12.0, 5.6 Hz), 4.18 (br-dd, 1H, J = 7.6, 5.6 Hz), 4.48 (d, 1H, J = 17.2 Hz), 4.93 (d, 1H, 
J = 17.2 Hz), 6.66 (d, 1H, J = 8.0 Hz), 6.76 (d, 2H, J = 8.4 Hz), 6.95 (d, 2H, J = 8.4 Hz), 6.98 (t, 1H, J = 
8.0 Hz), 7.19-7.30 (m, 5H), 7.68 (d, 2H, J = 8.4 Hz), 7.71 (d, 2H, J = 8.4 Hz), 8.07 (d, 1H, J = 8.8 Hz); 
13C NMR (100 MHz, CDCl3)  21.5, 21.6, 39.3, 44.8, 51.2, 55.2, 114.0 (×2), 114.1, 119.4, 120.1, 123.4, 
124.4, 126.5 (×2), 127.5 (×2), 128.4, 129.2 (×2), 129.8 (×2), 130.1 (×2), 130.9, 131.6, 133.9, 135.1, 
136.2, 143.8, 145.2, 158.8; IR (ATR) ν 1733, 1510, 1450, 1242, 1164, 1092, 1038, 949, 812, 747 cm-1; 
HRMS (ESI+) calcd for C32H30N2NaO5S 609.1494 (M+Na+) found 609.1469. 
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Reaction time 16 h; 
White solid; melting point 92 °C;  
Rf 0.29 (n-hexane/EtOAc = 4/1); 
90% yield; 
 
1H NMR (400 MHz, CDCl3)  1.70 (s, 9H), 2.40 (s, 3H), 2.94 (dd, 1H, J = 12.0, 8.0 Hz), 3.79 (s, 3H), 
3.89 (dd, 1H, J = 12.0, 5.6 Hz), 4.22 (br-dd, 1H, J = 8.0, 5.6 Hz), 4.34 (d, 1H, J = 16.4 Hz), 4.82 (d, 1H, 
J = 16.4 Hz), 6.37 (dd, 1H, J = 8.8, 2.4 Hz), 6.82 (d, 2H, J = 8.4 Hz), 6.91 (td, 1H, J = 8.8, 2.4 Hz), 7.07 
(d, 2H, J = 8.4 Hz), 7.29 (d, 2H, J = 8.4 Hz), 7.68 (d, 2H, J = 8.4 Hz), 8.06 (dd, 1H, J = 8.8, 4.0 Hz); 13C 
NMR (100 MHz, CDCl3)  21.5, 28.2 (×3), 39.3, 45.8, 51.3, 55.2, 84.7, 115.2 (d, J = 23.8 Hz), 111.7 (d, 
J = 24.8 Hz), 114.1 (×2), 116.3 (d, J = 8.6 Hz), 117.2 (d, J = 3.8 Hz), 127.5 (×2), 128.8 (d, J = 10.5 Hz), 
129.3 (×2), 129.7 (×2), 131.6, 132.2, 132.6, 133.5, 143.8, 149.5, 158.8 (d, J = 238.3 Hz), 158.8; IR 
(ATR) ν 1730, 1511, 1451, 1356, 1248, 1160, 1117, 1033, 903, 807, 754 cm-1; HRMS (ESI+) calcd for 
C30H31FN2NaO5S 573.1835 (M+Na+) found 573.1837. 
 
  
Reaction time 7 h; 
White solid; melting point 105 °C; 
Rf 0.24 (n-hexane/EtOAc = 4/1); 
84% yield (2 steps); 
 
1H NMR (400 MHz, CDCl3)  1.70 (s, 9H), 2.22 (s, 3H), 2.40 (s, 3H), 3.04 (dd, 1H, J = 11.6, 7.6 Hz), 
3.79 (s, 3H), 3.79 (dd, 1H, J = 11.6, 5.2 Hz), 4.23 (br-dd, 1H, J = 7.6, 5.2 Hz), 4.41 (d, 1H, J = 16.4 Hz), 
4.73 (d, 1H, J = 16.4 Hz), 6.56 (s, 1H), 6.81 (d, 2H, J = 8.8 Hz), 7.02 (d, 1H, J = 8.0 Hz), 7.09 (d, 2H, J 
= 8.8 Hz), 7.28 (d, 2H, J = 8.0 Hz), 7.67 (d, 2H, J = 8.0 Hz), 7.98 (d, 1H, J = 8.0 Hz); 13C NMR (100 
MHz, CDCl3)  21.2, 21.5, 28.2 (×3), 39.2, 45.8, 51.4, 55.2, 84.2, 113.9 (×2), 114.9, 117.0, 119.4, 125.4, 
127.6 (×2), 128.0, 129.3 (×2), 129.7 (×2), 131.0, 132.1, 132.4, 133.6, 134.1, 143.6, 149.8, 158.6; IR 
(ATR) ν 1727, 1510, 1456, 1350, 1247, 1163, 1127, 1035, 808, 735 cm-1; HRMS (ESI+) calcd for 
C31H34N2NaO5S 569.2086 (M+Na+) found 569.2050. 
 
 
Reaction time 24 h; 
White solid; melting point 68 °C;  
Rf 0.62 (n-hexane/EtOAc = 6/1); 
68% yield; 
 
1H NMR (600 MHz, CDCl3)  1.74 (s, 9H), 3.50 (dd, 1H, J = 13.2, 6.6 Hz), 3.77 (s, 3H), 3.86 (dd, 1H, J 
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= 13.2, 4.8 Hz), 4.24 (dd, 1H, J = 6.6, 4.8 Hz), 4.70 (d, 1H, J = 16.8 Hz), 4.75 (d, 1H, J = 16.8 Hz), 6.80 
(t, 1H, J = 7.8 Hz), 6.81 (d, 2H, J = 8.4 Hz), 6.90 (d, 2H, J = 7.6 Hz), 6.90 (d, 1H, J = 7.6 Hz), 7.02 (t, 
1H, J = 7.8 Hz), 7.20 (d, 2H, J = 8.4 Hz), 7.19-7.25 (m, 3H), 8.15 (d, 1H, J = 7.8 Hz); 13C NMR (150 
MHz, CDCl3)  28.3 (×3), 39.0, 48.5, 55.2, 56.4, 84.0, 113.8 (×2), 115.4, 116.0 (×2), 118.1, 119.2, 119.3, 
122.5, 123.7, 128.5, 129.2 (×2), 129.3 (×2), 134.0, 134.1, 136.0, 150.1, 150.5, 158.4; IR (ATR) ν 1725, 
1599, 1508, 1454, 1368, 1246, 1137, 1034, 830, 746 cm-1; HRMS (ESI+) calcd for C29H31N2O3 
455.2335 (M+H+) found 455.2351. 
 
 
Reaction time 24 h; 
White solid; melting point 94 °C ;  
Rf 0.42 (n-hexane/EtOAc = 4/1); 
62% yield; 
 
1H NMR (600 MHz, CDCl3)  1.73 (s, 9H), 3.36 (dd, 1H, J = 12.6, 7.2 Hz), 3.75 (dd, 1H, J = 12.6, 4.8 
Hz), 3.75 (s, 3H), 3.78 (s, 3H), 4.20 (dd, 1H, J = 7.2, 4.8 Hz), 4.61 (d, 1H, J = 16.2 Hz), 4.67 (d, 1H, J = 
16.2 Hz), 6.81 (d, 2H, J = 9.0 Hz), 6.82 (d, 2H, J = 9.0 Hz), 6.88 (d, 1H, J = 7.8 Hz), 6.89 (d, 2H, J = 
9.0 Hz), 7.02 (t, 1H, J = 7.8 Hz), 7.20 (d, 2H, J = 9.0 Hz), 7.21 (t, 1H, J = 7.8 Hz), 8.15 (d, 1H, J = 7.8 
Hz); 13C NMR (100 MHz, 55°C, CDCl3)  28.4 (×3), 39.3, 49.8, 55.2, 55.7, 57.9, 83.9, 114.0 (×2), 114.7 
(×2), 115.4, 118.0, 118.4 (×2), 119.4, 122.5, 123.7, 128.7, 129.4 (×2), 134.4, 134.5, 136.2, 145.1, 150.4, 
153.8, 158.6; IR (ATR) ν 1725, 1508, 1454, 1368, 1243, 1137, 1116, 1035, 825, 746 cm-1; HRMS (ESI+) 
calcd for C30H33N2O4 485.2440 (M+H+) found 485.2409. 
 
 
Reaction time 24 h; 
White solid; melting point 58-61 °C ;  
Rf 0.58 (n-hexane/EtOAc = 4/1); 
50% yield; 
 
1H NMR (400 MHz, 55 °C, CDCl3)  1.73 (s, 9H), 3.42 (dd, 1H, J = 12.8, 6.4 Hz), 3.75 (dd, 1H, J = 
12.8, 4.8 Hz), 3.77 (s, 3H), 4.21 (dd, 1H, J = 6.4, 4.8 Hz), 4.66 (s, 2H), 6.80-6.85 (m, 4H), 6.89-6.94 (m, 
3H), 7.01 (t, 1H, J = 8.0 Hz), 7.16-7.24 (m, 3H), 8.13 (d, 1H, J = 8.0 Hz); 13C NMR (100 MHz, 55 °C, 
CDCl3)  28.4 (×3), 39.3, 49.5, 55.3, 57.5, 84.1, 114.0 (×2), 115.5, 115.6 (×2, d, J = 19.1 Hz), 117.9 (×2, 
d, J = 7.6 Hz), 118.0, 119.4, 122.6, 123.8, 128.6, 129.3, 134.1, 134.2, 136.2, 147.3, 147.3, 150.4, 157.1 
(d, J = 237.4 Hz), 158.7; IR (ATR) ν 1726, 1507, 1454, 1368, 1246, 1138, 1117, 1034, 825, 747 cm-1; 
HRMS (ESI+) calcd for C29H30FN2O3 473.2240 (M+H+) found 473.2202. 
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Reaction time 7 h; 
White solid; melting point 81-84 °C ;  
Rf 0.29 (n-hexane/EtOAc = 3/1); 
88% yield;  
 
1H NMR (400 MHz, CDCl3)  1.73 (s, 9H), 2.29-2.33 (m, 2H), 2.33 (s, 3H), 3.28-3.32 (m, 1H), 
3.40-3.47 (m, 1H), 3.76 (s, 3H), 4.27 (br-t, 1H, J = 4.8 Hz), 4.78 (d, 1H, J = 17.2 Hz), 5.18 (d, 1H, J = 
17.2 Hz), 6.79 (d, 2H, J = 8.4 Hz), 6.89 (d, 1H, J = 8.0 Hz), 7.01 (t, 1H, J = 8.0 Hz), 7.09 (d, 2H, J = 8.4 
Hz), 7.16 (d, 2H, J = 8.4 Hz), 7.21 (t, 1H, J = 8.0 Hz), 7.58 (d, 2H, J = 8.4 Hz), 8.03 (d, 1H, J = 8.0 Hz); 
13C NMR (100 MHz, CDCl3)  21.4, 28.3 (×3), 33.4, 39.8, 43.8, 45.5, 55.1, 84.4, 113.8 (×2), 115.2, 
119.1, 122.5, 122.9, 124.1, 127.0 (×2), 129.1 (×2), 129.2, 129.5 (×2), 133.7, 135.1, 135.5, 135.6, 143.1, 
150.5, 158.1; IR (ATR) ν 1724, 1509, 1455, 1330, 1247, 1142, 1106, 1034, 812, 736, 664 cm-1; HRMS 
(ESI+) calcd for C31H34N2NaO5S 569.2086 (M+Na+) found 569.2060. 
 
Reaction time 1 h; 
White solid; melting point 136 °C ;  
Rf 0.19 (n-hexane/EtOAc = 6/1); 
30% yield; 
 
1H NMR (400 MHz, CDCl3)  1.44 (s, 9H), 1.56-1.70 (m, 1H), 1.94-2.04 (m, 2H), 2.06-2.16 (m, 1H), 
2.24 (s, 3H), 3.64-3.71 (m, 1H), 3.75 (s, 3H), 3.75-3.82 (m, 1H), 4.38 (d, 1H, J = 16.8 Hz), 4.59 (d, 1H, 
J = 16.8 Hz), 4.82 (t, 1H, J = 8.0 Hz), 6.78 (d, 2H, J = 8.4 Hz), 6.98 (d, 2H, J = 8.4 Hz), 6.98 (d, 2H, J = 
8.0 Hz), 7.11 (t, 1H, J = 7.6 Hz), 7.22 (t, 1H, J = 7.6 Hz), 7.41 (d, 2H, J = 8.0 Hz), 7.48 (d, 1H, J = 7.6 
Hz), 8.07 (d, 1H, J = 7.6 Hz); 13C NMR (100 MHz, CDCl3)  21.4, 25.0, 27.8 (×3), 31.0, 34.0, 49.5, 55.2, 
56.5, 83.8, 113.6 (×2), 115.4, 119.4, 119.5, 122.2, 123.5, 127.1, 127.2 (×2), 128.6 (×2), 128.9 (×2), 131.7, 
134.9, 135.1, 136.4, 142.9, 150.0, 157.8; IR (ATR) ν 1726, 1510, 1454, 1322, 1244, 1155, 815, 737, 659 
cm-1; HRMS (ESI+) calcd for C32H36N2NaO5S 583.2243 (M+Na+) found 583.2235. 
 
 
White solid; melting point 108 °C ;  
Rf 0.20(n-hexane/EtOAc = 6/1); 
35% yield; 
 
1H NMR (600 MHz, CDCl3)  1.67 (s, 9H), 1.71-1.87 (m, 1H), 1.87-1.94 (m, 2H), 1.95-2.01 (m, 1H), 
2.40 (s, 3H), 3.44 (dt, 1H, J = 10.2, 7.8 Hz), 3.65 (ddd, 1H, J = 10.2, 6.6, 4.8 Hz), 5.02 (dd, 1H, J = 7.2, 
4.2 Hz), 7.18 (t, 1H, J = 7.2 Hz), 7.24 (d, 2H, J = 8.8 Hz), 7.29 (t, 1H, J = 7.2 Hz), 7.46 (d, 1H, J = 7.2 
Hz), 7.48 (s, 1H), 8.12 (br-s, 1H); 13C NMR (100 MHz, CDCl3)  21.5, 24.1, 28.2 (×3), 33.0, 48.8, 56.7, 
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83.6, 115.4, 119.1, 122.2, 122.3, 123.5, 124.3, 127.5 (×2), 128.1, 129.5 (×2), 134.9, 136.0, 143.3, 149.6; 
IR (ATR) ν 1728, 1451, 1369, 1250, 1152, 1091, 1019, 814, 736 cm-1; HRMS (ESI+) calcd for 
C24H28N2NaO4S 463.1667 (M+Na+) found 463.1632. 
 
2. Substrate Syntheses and Compound Characterizations 
(2-1) Preparation of 3-iodo-indole derivatives S-2 
 
Indole derivatives S-2 were prepared according to the literature procedure1 as followed. 
General Procedure: To a stirred solution of indole S-1 (17.0 mmol) and KOH (2.40 g, 42.7 mmol) in 
DMF (20 mL) at room temperature was added I2 (4.34 g, 17.0 mmol) in DMF (25 mL). After being 
stirred for 2 h, the reaction mixture was poured into ice and water (200 mL) containing ammonia 
(0.5%) and sodium sulfite (0.1% aqueous solution). The aqueous suspension was extracted 3 times 
with Et2O and the combined organic layers were washed with brine, dried over Na2SO4, filtered, 
and concentrated in vacuo. The residue was dissolved in CH2Cl2 (60 mL) and treated with Boc2O 
(4.17 g, 19 mmol), Et3N (3.5 mL, 25 mmol), and DMAP (208 mg, 1.7 mmol) at 0 oC. After being 
stirred for 2 h at room temperature, the reaction mixture was concentrated in vacuo. The residue 
was purified by silica gel column chromatography to give the desired products S-2.  
 
Colorless oil; 
Rf 0.60 (n-hexane/EtOAc = 6/1); 
89% yield (2 steps); 
 
1H NMR (400 MHz, CDCl3)  1.67 (s, 9H), 7.30-7.42 (m, 3H), 7.73 (s, 1H), 8.12 (d, 1H, J = 7.6 Hz). 
NMR spectra were identical with those reported previously1,2. 
 
White solid; melting point 43 °C;  
Rf 0.60 (n-hexane/EtOAc = 6/1); 
91% yield (2 steps); 
 
1H NMR (400 MHz, CDCl3)  1.66 (s, 9H), 6.98 (d, 1H, J = 8.8 Hz), 7.00 (t, 1H, J = 8.8 Hz), 7.69 (s, 
1H), 8.02 (br-s, 1H); 13C NMR (100 MHz, CDCl3)  28.0 (×3), 64.3 (d, J = 3.8 Hz), 84.4, 106.9 (d, J = 
24.8 Hz), 113.0 (d, J = 24.8 Hz), 116.1 (d, J = 9.5 Hz), 131.0, 131.4, 133.1 (d, J = 9.5 Hz), 148.2, 159.4 
(d, J = 239.3 Hz); IR (ATR) ν 1735, 1472, 1441, 1362, 1254, 1203, 1151, 1053, 851, 798 cm-1; 
EI-LRMS m/z 361 (M+), EI-HRMS calcd for C13H13FINO2 360.9975 (M +) found 360.9987. 
83 
 
 
Red oil;  
Rf 0.71 (n-hexane/EtOAc = 6/1); 
99% yield (2 steps); 
 
1H NMR (400 MHz, CDCl3)  1.63 (s, 9H), 2.44 (s, 3H), 7.13 (d, 1H, J = 6.8 Hz), 7.13 (d, 1H, J = 6.8 
Hz), 7.66 (s, 1H), 7.95 (br-s, 1H); 13C NMR (100 MHz, CDCl3)  21.2, 28.0 (×3), 65.2, 83.9, 114.6, 
121.1, 126.6, 129.8, 132.0, 132.7, 132.8, 148.5; IR (ATR) ν 1735, 1474, 1359, 1251, 1211, 1155, 1054, 
794, 762 cm-1; EI-LRMS m/z 357 (M+), EI-HRMS calcd for C14H16INO2 357.0226 (M +) found 
357.0235. 
 
 
To a stirred solution of indole S-1 (351 mg, 3.0 mmol) and KOH (421 mg, 7.5 mmol) in DMF (4 mL) 
at room temperature was added I2 (761 mg, 3.0 mmol) in DMF (4 mL). After being stirred for 2 h, 
the reaction mixture was poured into ice and water (40 mL) containing ammonia (0.5%) and sodium 
sulfite (0.1% aqueous solution). The aqueous suspension was extracted 3 times with Et2O and the 
combined organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated in 
vacuo. The residue was dissolved in DMF (6 mL) and treated with NaH (60% in oil, 132 mg, 3.3 
mmol) at 0 oC. After being stirred for 30 min at the same temperature, CbzCl was added to the 
reaction mixture. After being stirred for 2 h at 0 oC, the reaction mixture was quenched with 
saturated aqueous NaHCO3, and extracted twice with Et2O. The combined organic layers were 
washed with brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue was purified 
by silica gel column chromatography (n-hexane/EtOAc = 30:1) to give S-2d (919 mg, 81% in 2 steps) 
as a red oil: Rf 0.50 (n-hexane/EtOAc = 6/1); 1H NMR (400 MHz, 55°C, CDCl3)  5.42 (s, 2H), 
7.21-7.46 (m, 8H), 7.74 (s, 1H), 8.13 (d, 1H, J = 8.0 Hz); 13C NMR (100 MHz, 55°C, CDCl3)  66.5, 
69.0, 115.1, 121.6, 123.7, 125.7, 128.5 (×2), 128.8, 128.8 (×2), 129.7, 132.2, 134.9, 135.0, 149.8; IR 
(ATR) ν 1739, 1449, 1390, 1352, 1306, 1231, 1049, 751, 696 cm-1; HRMS (ESI+) calcd for 
C16H12INNaO2 399.9810 (M+Na+) found 399.9795. 
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S-2e was prepared according to the literature procedure3 as followed. 
General Procedure: To a stirred solution of indole S-1 (17.0 mmol) and KOH (2.40 g, 42.7 mmol) in 
DMF (20 mL) at room temperature was added I2 (4.34 g, 17.0 mmol) in DMF (25 mL). After being 
stirred for 2 h, the reaction mixture was added KOH (2.40 g, 42.7 mmol) and tosyl chloride (6.85 g, 
35.9 mmol) and stirred for further 8 h. After the reaction was completed, the reaction mixture was 
diluted with water and extracted 3 times with Et2O. The combined organic layers were washed with 
brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue was purified by 
crystallization from Et2O and n-hexane to give S-2e (3.32 g, 49% in 2 steps) as white solids: Rf 0.14 
(n-hexane/EtOAc = 20/1); 1H NMR (400 MHz, CDCl3)  2.35 (s, 3H), 7.23 (d, 2H, J = 8.0 Hz), 
7.27-7.40 (m, 3H), 7.70 (s, 1H), 7.77 (d, 2H, J = 8.4 Hz), 7.95 (d, 1H, J = 8.8 Hz). NMR spectra were 
identical with those reported previously3. 
 
(2-2) Preparation of Compounds 32b, 32c, 32d, 32e, 32f, 32g and 32h 
 
 
S-3 was prepared according to the literature procedure4. 
General Procedure: To a stirred solution of 29 (1.36 g, 5.0 mmol) in DMF (17 mL) at 0 oC was added 
NaH (60% in oil, 240 mg, 6.0 mmol). After being stirred for 30 min at 0 oC, S-3 (6.0 mmol) and TBAI 
(185 mg, 0.5 mmol) were added to the reaction mixture at the same temperature. After being stirred 
for 18 h at room temperature, the reaction mixture was quenched with saturated aqueous NH4Cl at 
0 oC, and extracted 3 times with Et2O. The combined organic layers were washed with brine, dried 
over Na2SO4, filtered, and concentrated in vacuo. The residue was purified by silica gel column 
chromatography to give the desired products 30 (1.87 g, 72% in 2 steps) as white solids: melting 
point 105 °C; Rf 0.26 (n-hexane/EtOAc = 2/1); 1H NMR (400 MHz, CDCl3)  2.40 (s, 3H), 3.04 (s, 3H), 
3.45 (s, 3H), 4.10 (s, 2H), 4.46 (s, 2H), 5.03 (s, 2H), 6.90 (d, 2H, J = 8.4 Hz), 7.18 (d, 2H, J = 8.4 Hz), 
7.29 (d, 2H, J = 8.4 Hz), 7.27-7.41 (m, 5H), 7.80 (d, 2H, J = 8.4 Hz); 13C NMR (100 MHz, CDCl3)  
21.4, 32.1, 45.1, 50.2, 61.1, 69.8, 114.8 (×2), 127.3 (×2), 127.4 (×2), 124.4, 127.8, 128.4 (×2), 129.2 (×2), 
130.0 (×2), 136.7, 137.2, 143.0, 158.4, 168.8; IR (ATR) ν 1682, 1610, 1510, 1455, 1337, 1242, 1155, 
1092, 999, 909, 814, 754, 698, 660 cm-1; HRMS (ESI+) calcd for C25H28N2NaO5S 491.1617 (M+Na+) 
found 491.1618.  
 
 
Yellow oil; 
Rf 0.24 (n-hexane/EtOAc = 1/1);  
84% yield; 
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1H NMR (400 MHz, CDCl3)  2.42 (s, 3H), 3.06 (s, 3H), 3.50 (s, 3H), 3.77 (s, 3H), 4.10 (s, 2H), 4.46 (s, 
2H), 6.83 (d, 2H, J = 8.8 Hz), 7.18 (d, 2H, J = 8.8 Hz), 7.30 (d, 2H, J = 7.6 Hz), 7.80 (d, 2H, J = 7.6 
Hz); 13C NMR (100 MHz, CDCl3)  21.4, 32.1, 45.1, 50.2, 55.1, 61.1, 113.8 (×2), 127.1, 127.4 (×2), 
129.2 (×2), 130.0 (×2), 137.2, 143.0, 159.2, 168.9; IR (ATR) ν 2938, 1678, 1611, 1512, 1457, 1335, 
1304, 1248, 1153, 1092, 1065, 1032, 997, 937, 908, 810, 745, 658 cm-1; HRMS (ESI+) calcd for 
C19H24N2NaO5S 415.1304 (M+Na+) found 415.1301. 
 
 
Pale yellow oil;  
Rf 0.14 (n-hexane/EtOAc = 2/1); 
32% yield (2 steps); 
 
1H NMR (400 MHz, CDCl3)  2.41 (s, 3H), 3.09 (s, 3H), 3.55 (s, 3H), 3.69 (s, 3H), 4.91 (s, 2H), 4.56 (s, 
2H), 6.80 (dd, 1H, J = 7.6, 1.2 Hz), 6.91 (dt, 1H, J = 7.6, 1.2 Hz ), 7.24 (dt, 1H, J = 7.6, 1.2 Hz ), 7.27 
(d, 2H, J = 8.0 Hz), 7.33 (dd, 1H, J = 7.6, 1.2 Hz), 7.78 (d, 2H, J = 8.0 Hz); 13C NMR (100 MHz, 
CDCl3)  21.5, 32.3, 45.9, 46.5, 55.1, 61.1, 110.1, 120.6, 123.7, 127.6 (×2), 129.0, 129.2 (×2), 130.4, 
137.6, 142.8, 157.7, 169.4 ; IR (ATR) ν 1682, 1610, 1510, 1455, 1337, 1242, 1155, 1092, 999, 909, 814, 
754, 698, 660 cm-1; HRMS (ESI+) calcd for C19H24N2NaO5S 415.1304 (M+Na+) found 415.1262. 
 
 
General Procedure: To a stirred suspension of LiAlH4 (108 mg, 2.8 mmol) in THF (10mL) at 0 oC was 
added dropwise 30 (2.6 mmol) in THF (15 mL). After being stirred for 15 min at 0 oC, the reaction 
mixture was quenched with aqueous 2 M potassium sodium tartrate at the same temperature. The 
solution was warmed to room temperature and stirred until the organic and aqueous layers were 
separated. The aqueous layer was extracted twice with EtOAc and the combined organic layers 
were dried over Na2SO4, filtered, and concentrated in vacuo. The residue was passed through a 
short pad of silica gel. After concentration in vacuo, the obtained aldehyde S-6 was utilized for the 
next reaction without further purification.  
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Grignard reagent 31 was prepared according to the literature procedure5 as followed. 
General Procedure: To a stirred solution of 3-iodo-indole S-2a (1.0 mmol) in THF (5 mL) at 0 oC was 
added i-PrMgCl (0.5 mL, 2 M in THF, 1.0 mmol). After being stirred for 15 min, the reaction 
mixture was treated with aldehyde S-6 (0.5 mmol) in THF (5 mL) at 0 oC. After being stirred for 10 
min at the same temperature, the reaction mixture was quenched with saturated aqueous NH4Cl, 
and extracted twice with EtOAc. The combined organic layers were washed with brine, dried over 
Na2SO4, filtered, and concentrated in vacuo. The residue was purified by silica gel column 
chromatography to give the desired products 32c (235 mg, 75% in 2 steps) as white solids; melting 
point 49 °C; Rf 0.27 (n-hexane/EtOAc = 3/1); 1H NMR (400 MHz, CDCl3)  1.64 (s, 9H), 2.41 (s, 3H), 
3.09 (br-s, 1H), 3.30 (dd, 1H, J = 15.2, 2.8 Hz), 3.44 (dd, 1H, J = 15.2, 9.2 Hz), 4.15 (d, 1H, J = 14.8 
Hz ), 4.55 (d, 1H, J = 14.8 Hz ), 4.90 (br-d, 1H, J = 9.2 Hz), 5.04 (s, 2H), 6.93 (d, 2H, J = 8.8 Hz), 
7.07-7.14 (m, 2H), 7.20-7.43 (m, 10H), 7.49 (s, 1H), 7.73 (d, 2H, J = 8.8 Hz), 8.09 (d, 1H, J = 7.6 Hz); 
13C NMR (100 MHz, CDCl3)  21.5, 28.1 (×3), 53.7, 54.9, 67.1, 70.0, 83.7, 115.1 (×2), 115.2, 119.2, 
120.8, 122.4, 123.0, 124.3, 127.3 (×2), 127.3, 127.4 (×2), 128.0, 128.0, 128.5 (×2), 129.8 (×2), 129.9 
(×2), 135.6, 135.7, 136.7, 143.7, 149.5, 158.7; IR (ATR) ν 1731, 1510, 1454, 1370, 1253, 1155, 1092, 
749 cm-1; HRMS (ESI+) calcd for C36H38N2NaO6S 649.2348 (M+Na+) found 649.2299.  
 
 
White solid; melting point 52-53 °C;  
Rf 0.33 (n-hexane/EtOAc = 2/1); 
83% yield (2 steps); 
 
 
1H NMR (400 MHz, CDCl3)  1.64 (s, 9H), 2.42 (s, 3H), 3.03 (s, 1H), 3.29 (dd, 1H, J = 15.2, 2.8 Hz), 
3.44 (dd, 1H, J = 15.2, 9.2 Hz), 3.80 (s, 3H), 4.14 (d, 1H, J = 10.0 Hz), 4.55 (d, 1H, J = 10.0 Hz)), 4.89 
(br-d, 1H, J = 9.2 Hz), 6.86 (d, 2H, J = 8.4 Hz), 7.11-7.14 (m, 2H), 7.21-7.28 (m, 3H), 7.31 (d, 2H, J = 
8.4 Hz), 7.47 (s, 1H), 7.74 (d, 2H, J = 8.4 Hz), 8.09 (d, 1H, J = 8.4 Hz); 13C NMR (100 MHz, CDCl3)  
21.5, 28.1 (×3), 53.8, 55.0, 55.3, 67.1, 83.7, 114.2 (×2), 115.3, 119.3, 120.9, 122.4, 123.0, 124.4, 127.3 
(×2), 127.7, 128.0, 129.8 (×2), 130.0 (×2), 135.7, 135.8, 143.7, 149.5, 159.6; IR (ATR) ν 3512, 1730, 
1611, 1513, 1452, 1369, 1251, 1153, 1091, 1019, 916, 815, 746, 660 cm-1; HRMS (ESI+) calcd for 
C30H34N2NaO6S 573.2035 (M+Na+) found 573.2047. 
 
 
White solid; melting point 63-66 °C;  
Rf 0.24 (n-hexane/EtOAc = 3/1); 
69% yield (2 steps); 
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1H NMR (400 MHz, CDCl3)  1.65 (s, 9H), 2.40 (s, 3H), 3.23 (s, 1H), 3.37 (dd, 1H, J = 14.8, 2.8 Hz), 
3.50 (dd, 1H, J = 14.8, 9.2 Hz), 3.71 (s, 3H), 4.41 (d, 1H, J = 14.4 Hz), 4.56 (d, 1H, J = 14.4 Hz), 4.94 
(br-d, 1H, J = 9.2 Hz), 6.83 (d, 1H, J = 8.4 Hz), 6.97 (t, 1H, J = 8.4 Hz), 7.13 (t, 1H, J = 8.4 Hz), 
7.21-7.32 (m, 5H), 7.40 (d, 1H, J = 7.2 Hz), 7.49 (s, 1H), 7.67 (d, 2H, J = 8.0 Hz), 8.10 (d, 1H, J = 7.2 
Hz); 13C NMR (100 MHz, CDCl3)  21.5, 28.2 (×3), 48.7, 55.2, 55.7, 66.9, 83.6, 110.5, 115.3, 119.3, 
120.8, 120.9, 122.4, 123.0, 123.7, 124.3, 127.3 (×2), 128.1, 129.5, 129.6 (×2), 131.0, 135.7, 135.8, 
143.5, 149.5, 157.4; IR (ATR) ν 1731, 1601, 1494, 1453, 1368, 1335, 1246, 1152, 1090, 1064, 1019, 
917, 815, 749, 660 cm-1; HRMS (ESI+) calcd for C30H34N2NaO6S 573.2035 (M+Na+) found 573.1987. 
 
 
 
White solid; melting point 47-50 °C;  
Rf 0.29 (n-hexane/EtOAc = 2/1); 
51% yield (2 steps); 
 
1H NMR (400 MHz, CDCl3)  2.40 (s, 3H), 3.06 (s, 1H), 3.28 (dd, 1H, J = 15.2, 2.8 Hz), 3.41 (dd, 1H, J 
= 15.2, 8.8 Hz), 3.77 (s, 3H), 4.12 (d, 1H, J = 14.8 Hz), 4.52 (d, 1H, J = 14.8 Hz), 4.89 (br-d, 1H, J = 
8.8 Hz), 5.39 (s, 2H), 6.83 (d, 2H, J = 8.4 Hz), 7.10-7.49 (m, 13H), 7.73 (d, 2H, J = 8.0 Hz), 8.11 (d, 1H, 
J = 7.2 Hz); 13C NMR (100 MHz, CDCl3)  21.5, 53.8, 54.9, 55.2, 67.1, 68.7, 114.2 (×2), 115.3, 119.4, 
121.9, 122.6, 122.8, 124.7, 127.3 (×2), 127.7, 128.1, 128.5 (×2), 128.7 (×2), 128.7, 128.7, 129.8 (×2), 
130.0 (×2), 135.0, 135.7, 143.7, 150.6, 159.6; IR (ATR) ν 1735, 1611, 1513, 1455, 1398, 1337, 1249, 
1156, 1091, 1031, 816, 747, 699, 660 cm-1; HRMS (ESI+) calcd for C33H32N2NaO6S 607.1879 (M+Na+) 
found 607.1882. 
 
 
White solid; melting point 73-76 °C ; 
Rf 0.24 (n-hexane/EtOAc = 2/1); 
73% yield; 
 
 
1H NMR (400 MHz, CDCl3)  2.29 (s, 3H), 2.42 (s, 3H), 3.24 (dd, 1H, J = 15.2, 3.2 Hz), 3.37 (dd, 1H, J 
= 15.2, 9.2 Hz), 3.78 (s, 3H), 4.07 (d, 1H, J = 14.4 Hz), 4.47 (d, 1H, J = 14.4 Hz), 4.82 (dd, 1H, J = 9.2, 
3.2 Hz), 6.82 (d, 2H, J = 8.4 Hz), 7.08-7.09 (m, 2H), 7.12 (d, 2H, J = 8.4 Hz), 7.16 (d, 2H, J = 8.4 Hz), 
7.17-7.28 (m, 1H), 7.31 (d, 2H, J = 8.4 Hz), 7.45 (s, 1H), 7.71 (d, 2H, J = 8.4 Hz), 7.73 (d, 2H, J = 8.4 
Hz), 7.90 (d, 1H, J = 8.4 Hz); 13C NMR (100 MHz, CDCl3)  21.5, 53.8, 54.8, 55.2, 67.0, 113.5, 114.2 
(×2), 119.8, 122.6, 123.0, 123.3, 124.6, 126.7 (×2), 126.7, 127.3 (×2), 127.5, 128.3, 129.8 (×2), 129.9 
(×2), 129.9 (×2), 135.0, 135.1, 135.4, 143.9, 144.9, 159.5; IR (ATR) ν 1597, 1512, 1446, 1249, 1155, 
1090, 813, 744, 703, 675 cm-1; HRMS (ESI+) calcd for C32H32N2NaO6S2 627.1599 (M+Na+) found 
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627.1556. 
 
 
White solid; melting point 65-67 °C;  
Rf 0.24 (n-hexane/EtOAc = 3/1); 
64% yield (2 steps); 
 
 
1H NMR (400 MHz, CDCl3)  1.64 (s, 9H), 2.43 (s, 3H), 3.19 (dd, 1H, J = 14.8, 2.0 Hz), 3.25 (s, 1H), 
3.39 (dd, 1H, J = 14.8, 9.2 Hz), 3.81 (s, 3H), 4.08 (d, 1H, J = 14.4 Hz), 4.56 (d, 1H, J = 14.4 Hz), 4.80 
(br-d, 1H, J = 9.2 Hz), 6.64 (d, 1H, J = 8.8 Hz), 6.89 (d, 2H, J = 8.4 Hz), 6.95 (td, 1H, J = 8.8, 2.0 Hz), 
7.22 (d, 2H, J = 8.4 Hz), 7.33 (d, 2H, J = 8.4 Hz), 7.51 (s, 1H), 7.75 (d, 2H, J = 8.4 Hz), 8.01 (br-s, 1H); 
13C NMR (100 MHz, CDCl3)  21.5, 28.1 (×3), 53.9, 54.8, 55.2, 67.0, 83.9, 104.8 (d, J = 23.8 Hz), 112.0 
(d, J = 24.7 Hz), 114.3 (×2), 116.1 (d, J = 9.6 Hz), 120.5 (d, J = 3.8 Hz), 124.5, 127.3 (×2), 127.3, 128.7 
(d, J = 9.6 Hz), 129.9 (×2), 130.0 (×2), 131.9, 135.3, 143.9, 149.2, 158.8 (d, J = 238.4 Hz), 159.6; IR 
(ATR) ν 1733, 1612, 1513, 1472, 1450, 1372, 1337, 1252, 1154, 1065, 1035, 915, 810, 767, 744, 659 
cm-1; HRMS (ESI+) calcd for C30H33FN2NaO6S 591.1941 (M+Na+) found 591.1910. 
 
 
White solid; melting point 65-68 °C;  
Rf 0.36 (n-hexane/EtOAc = 2/1); 
60% yield (2 steps); 
 
 
1H NMR (400 MHz, CDCl3)  1.63 (s, 9H), 2.36 (s, 3H), 2.42 (s, 3H), 3.10 (s, 1H), 3.27 (dd, 1H, J = 
15.2, 2.8 Hz), 3.44 (dd, 1H, J = 15.2, 9.6 Hz), 3.79 (s, 3H), 4.18 (d, 1H, J = 14.0 Hz), 4.54 (d, 1H, J = 
14.0 Hz), 4.80 (br-d, 1H, J = 9.2 Hz), 6.86 (d, 2H, J = 8.4 Hz), 6.86 (d, 1H, J = 8.4 Hz), 7.06 (d, 1H, J = 
8.4 Hz), 7.22 (d, 2H, J = 8.4 Hz), 7.31 (d, 2H, J = 8.4 Hz), 7.45 (s, 1H), 7.75 (d, 2H, J = 8.4 Hz), 7.95 
(br-s, 1H); 13C NMR (100 MHz, CDCl3)  21.2, 21.5, 28.1 (×3), 53.5, 54.6, 55.1, 66.8, 83.5, 114.2 (×2), 
114.8, 119.0, 120.5, 123.0, 125.7, 127.3 (×2), 127.6, 128.1, 129.8 (×2), 129.9 (×2), 131.8, 133.8, 135.7, 
143.7, 149.5, 159.4; IR (ATR) ν 1732, 1513, 1457, 1370, 1251, 1154, 1091, 805, 745, 658 cm-1; HRMS 
(ESI+) calcd for C31H36N2NaO6S 587.2192 (M+Na+) found 587.2203. 
 
(2-3) Preparation of Compound 32a 
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To a suspension of Pd-C (40 mg) in MeOH (12mL) at room temperature was added 32c (412 mg 0.66 
mmol) and the reaction mixture was stirred for 21 h under an atmosphere of hydrogen. The reaction 
mixture was filtered through a Celite pad and the filtrate was concentrated in vacuo. The residue 
was purified by silica gel column chromatography (n-hexane/EtOAc = 2/1) to give 32a (181mg, 51%) 
as white solids: melting point 77 °C; Rf 0.19 (n-hexane/EtOAc = 2/1); 1H NMR (400 MHz, CDCl3)  
1.63 (s, 9H), 2.40 (s, 3H), 3.28 (br-d, 1H, J = 14.8 Hz), 3.45 (dd, 1H, J = 14.8, 8.0 Hz), 4.09 (d, 1H, J = 
14.4 Hz), 4.51 (d, 1H, J = 14.4 Hz), 4.87 (br-d, 1H, J = 8.0 Hz), 6.78 (d, 2H, J = 8.0 Hz), 7.09-7.16 (m, 
4H), 7.23 (t, 1H, J = 8.0 Hz), 7.29 (d, 2H, J = 8.0 Hz), 7.46 (s, 1H), 7.72 (d, 2H, J = 8.0 Hz), 8.06 (d, 
1H, J = 8.0 Hz); 13C NMR (100 MHz, CDCl3)  21.5, 28.1 (×3), 53.9, 55.1, 67.2, 83.8, 115.3, 115.8 (×2), 
119.3, 120.6, 122.6, 123.0, 124.4, 127.3 (×2), 127.3, 128.0, 129.9 (×2), 130.1 (×2), 135.5, 135.6, 143.9, 
149.6, 156.2; IR (ATR) ν 3425, 1731, 1516, 1452, 1369, 1333, 1256, 1224, 1152, 1091, 1064, 1018, 916, 
815, 750, 660 cm-1; HRMS (ESI+) calcd for C29H32N2NaO6S 559.1879 (M+Na+) found 559.1873. 
 
(2-4) Preparation of Compounds 32i, 32j and 32k 
 
General Procedure: To a stirred solution of S-7 (2.9 mmol), NaI (130 mg, 0.87 mmol) and Na2CO3 
(421 mg, 5.8 mmol) in DMF (7 mL) at room temperature was added allyl bromide (0.30 mL, 3.5 
mmol). After being stirred for 4.5 h at 60 oC, the reaction mixture was quenched with H2O, and 
extracted 3 times with Et2O. The combined organic layers were washed with brine, dried over 
Na2SO4, filtered, and concentrated in vacuo. The residue was purified by silica gel column 
chromatography to give the desired products S-8. 
 
Colorless oil; 
Rf 0.36 (n-hexane/EtOAc = 20/1); 
63% yield; 
 
1H NMR (400 MHz, CDCl3)  3.76 (s, 3H), 3.97 (d, 2H, J = 3.6 Hz), 4.47 (s, 2H), 5.16 (dd, 1H, J = 10.0, 
1.2 Hz), 5.17 (dd, 1H, J = 17.6, 1.2 Hz), 5.82-5.91 (m, 1H), 6.68 (t, 1H, J = 8.0 Hz), 6.72 (d, 2H, J = 8.0 
90 
 
Hz), 6.84 (d, 2H, J = 8.0 Hz), 7.14-7.19 (m, 4H); 13C NMR (100 MHz, CDCl3)  52.8, 53.3, 55.2, 112.5 
(×2), 114.0 (×2), 116.2, 116.4, 127.8 (×2), 129.1 (×2), 130.8, 133.7, 149.0, 158.5; IR (ATR) ν 1597, 1504, 
1242, 1170, 1034, 987, 918, 811, 745, 690 cm-1; HRMS (ESI+) calcd for C17H20NO 254.1545 (M+H+) 
found 254.1523. 
 
 
Pale yellow oil;  
Rf 0.24 (n-hexane/EtOAc = 20/1); 
75% yield; 
1H NMR (400 MHz, CDCl3)  3.72 (s, 3H), 3.76 (s, 3H), 3.89 (d, 2H, J = 5.2 Hz), 4.38 (s, 2H), 
5.13-5.19 (m, 2H), 5.84 (ddt, 1H, J = 17.2, 10.4, 5.2 Hz), 6.69 (d, 2H, J = 9.2 Hz), 6.77 (d, 2H, J = 9.2 
Hz), 6.83 (d, 2H, J = 8.0 Hz), 7.15 (d, 2H, J = 8.0 Hz); 13C NMR (100 MHz, CDCl3)  53.6, 54.3, 55.2, 
55.6, 113.8 (×2), 114.6 (×2), 114.6 (×2), 116.3 (×2), 128.0, 131.0, 134.3, 143.7, 151.5, 158.5; IR (ATR) ν 
1611, 1508, 1462, 1238, 1172, 1034, 920, 811, 715 cm-1; HRMS (ESI+) calcd for C18H22NO2 284.1651 
(M+H+) found 284.1614. 
 
 
Colorless oil ;  
Rf 0.33 (n-hexane/EtOAc = 20/1); 
66% yield; 
 
1H NMR (400 MHz, CDCl3)  3.76 (s, 3H), 3.92 (d, 2H, J = 5.2 Hz), 4.41 (s, 2H), 5.13-5.18 (m, 2H), 
5.84 (ddt, 1H, J = 17.2, 10.0, 5.2 Hz), 6.62 (dd, 2H, J = 8.8, 4.4 Hz), 6.84 (d, 2H, J = 8.4 Hz), 6.86 (t, 
2H, J = 8.8 Hz), 7.13 (d, 2H, J = 8.4 Hz); 13C NMR (100 MHz, CDCl3)  53.5, 54.1, 55.2, 113.7 (×2, d, 
J = 7.6 Hz), 113.9 (×2), 115.4 (×2, d, J = 21.9 Hz), 116.4, 127.8 (×2), 130.6, 133.7, 145.6, 155.3 (d, J = 
233.6 Hz), 158.6; IR (ATR) ν 1611, 1506, 1357, 1224, 1170, 1034, 919, 808, 718 cm-1; HRMS (ESI+) 
calcd for C17H19FNO 272.1451 (M+H+) found 272.1436. 
 
 
General Procedure: To a stirred solution of S-8 (3.4 mmol) in THF (25 mL) and H2O (7.5 mL) at 0 oC 
was added OsO4 (0.50 mL, 0.2 M in t-BuOH, 0.10 mmol) and NaIO4 (2201 mg, 10.2 mmol). After 
being stirred for 8 h at room temperature, the reaction mixture was quenched with aqueous 
Na2S2O3, and extracted twice with EtOAc. The combined organic layers were washed with brine, 
dried over Na2SO4, filtered, and concentrated in vacuo. The residue was purified by silica gel 
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column chromatography to give the desired products S-9. 
 
Yellow oil; 
Rf 0.27 (n-hexane/EtOAc = 6/1); 
40% yield; 
 
1H NMR (400 MHz, CDCl3)  3.79 (s, 3H), 4.01 (s, 2H), 4.58 (s, 2H), 6.71 (d, 2H, J = 8.8 Hz), 6.78 (t, 
1H, J = 7.6 Hz), 6.86 (d, 2H, J = 8.8 Hz), 7.18 (d, 2H, J = 8.8 Hz), 7.22 (dd, 2H, J = 8.8, 7.6 Hz), 9.67 
(s, 1H); 13C NMR (100 MHz, CDCl3)  55.3, 55.4, 60.6, 112.9 (×2), 114.2 (×2), 118.2, 128.3 (×2), 129.5 
(×2), 129.8, 148.6, 159.0, 202.3; IR (ATR) ν 1726, 1597, 1504, 1353, 1243, 1173, 1032, 817, 748, 691 
cm-1; EI-LRMS m/z 255 (M+), EI-HRMS calcd for C16H17NO2 255.1259 (M +) found 255.1268. 
 
 
Yellow oil ;  
Rf 0.14 (n-hexane/EtOAc = 10/1); 
43% yield; 
 
1H NMR (400 MHz, CDCl3)  3.75 (s, 3H), 3.79 (s, 3H), 3.92 (s, 2H), 4.47 (s, 2H), 6.70 (d, 2H, J = 9.2 
Hz), 6.81 (d, 2H, J = 9.2 Hz), 6.85 (d, 2H, J = 8.8 Hz), 7.19 (d, 2H, J = 8.8 Hz), 9.65 (s, 1H); 13C NMR 
(100 MHz, CDCl3)  55.2, 55.6, 56.6, 61.2, 114.1 (×2), 114.8 (×2), 115.5 (×2), 128.7 (×2), 129.9, 143.2, 
152.7, 158.9, 202.7; IR (ATR) ν 1726, 1610, 1507, 1462, 1239, 1173, 1033, 813 cm-1; HRMS (ESI+) 
calcd for C17H19NNaO3 308.1263 (M+Na+) found 308.1249. 
 
 
Pale yellow solid; melting point 88 °C ;  
Rf 0.17 (n-hexane/EtOAc = 6/1); 
60% yield; 
 
 
1H NMR (400 MHz, CDCl3)  3.78 (s, 3H), 3.98 (s, 2H), 4.50 (s, 2H), 6.63 (dd, 2H, J = 8.4, 4.0 Hz), 
6.85 (d, 2H, J = 8.0 Hz), 6.91 (t, 2H, J = 8.4 Hz), 7.17 (d, 2H, J = 8.0 Hz), 9.65 (s, 1H); 13C NMR (100 
MHz, CDCl3)  55.2, 56.1, 61.1, 114.1 (×2), 114.5 (×2, d, J = 7.6 Hz), 115.8 (×2, d, J = 21.9 Hz), 128.4 
(×2), 129.5, 145.2, 156.1 (d, J = 236.4 Hz), 159.0, 201.8; IR (ATR) ν 1727, 1611, 1508, 1227, 1173, 
1032, 813 cm-1; HRMS (ESI+) calcd for C16H16FNNaO2 296.1063 (M+Na+) found 296.1058. 
 
92 
 
 
General Procedure: To a stirred solution of S-2a (1.0 mmol) in THF (5 mL) at 0 oC was added 
i-PrMgCl (0.5 mL, 2 M in THF, 1.0 mmol). After being stirred for 15 min, the reaction mixture was 
added aldehyde S-9 (0.5 mmol) in THF (5 mL) at 0 oC. After being stirred for 10 min at the same 
temperature, the reaction mixture was quenched with saturated aqueous NH4Cl, and extracted 
twice with EtOAc. The combined organic layers were washed with brine, dried over Na2SO4, filtered, 
and concentrated in vacuo. The residue was purified by silica gel column chromatography to give 
the desired products 32. 
 
 
White solid; melting point 58 °C;  
Rf 0.21 (n-hexane/EtOAc = 6/1); 
50% yield; 
 
 
1H NMR (400 MHz, CDCl3)  1.66 (s, 9H), 2.46 (s, 1H), 3.75-3.83 (m, 2H), 3.76 (s, 3H), 4.52 (d, 1H, J 
= 16.8 Hz), 4.59 (d, 1H, J = 16.8 Hz), 5.27 (br-dd, 1H, J = 7.6, 4.8 Hz), 6.77 (t, 1H, J = 6.8 Hz), 6.81 (d, 
2H, J = 8.4 Hz), 6.89 (d, 2H, J = 8.4 Hz), 7.09 (d, 2H, J = 8.4 Hz), 7.12-7.26 (m, 3H), 7.37 (t, 1H, J = 
7.6 Hz), 7.57 (s, 1H), 7.58 (d, 1H, J = 7.6 Hz), 8.15 (d, 1H, J = 7.6 Hz); 13C NMR (100 MHz, CDCl3)  
28.2 (×3), 55.1, 55.2, 57.9, 66.0, 83.8, 113.7 (×2), 114.0 (×2), 115.4, 117.6, 119.7, 121.4, 122.6, 122.9, 
124.6, 128.0 (×2), 128.4, 129.3 (×2), 130.1, 135.8, 148.8, 149.6, 158.5; IR (ATR) ν 1731, 1598, 1505, 
1450, 1369, 1245, 1152, 1090, 1033, 816, 737, 692 cm-1; HRMS (ESI+) calcd for C29H32N2NaO4 
495.2260 (M+Na+) found 495.2230. 
 
 
Yellow solid; melting point 60-62 °C ;  
Rf 0.21 (n-hexane/EtOAc = 4/1); 
43% yield; 
 
 
1H NMR (400 MHz, CDCl3)  1.64 (s, 9H), 2.95 (s, 1H), 3.51-3.64 (m, 2H), 3.75 (br-s, 3H), 3.75 (br-s, 
3H), 4.36 (d, 1H, J = 16.0 Hz), 4.41 (d, 1H, J = 16.0 Hz), 5.10 (br-d, 1H, J = 5.2 Hz), 6.79-6.83 (m, 4H), 
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6.91 (d, 2H, J = 7.6 Hz), 7.10 (d, 2H, J = 6.8 Hz), 7.18 (t, 1H, J = 7.2 Hz), 7.29 (t, 1H, J = 7.2 Hz), 7.49 
(d, 1H, J = 7.2 Hz), 7.54 (s, 1H), 8.14 (d, 1H, J = 7.2 Hz); 13C NMR (100 MHz, CDCl3)  28.1 (×3), 55.1, 
55.5, 57.1, 58.8, 65.5, 83.6, 113.9 (×2), 114.7 (×2), 115.3, 118.0 (×2), 119.7, 121.4, 122.5, 122.7, 124.4, 
128.5, 128.7 (×2), 130.2, 135.7, 143.4, 149.6, 153.3, 158.6; IR (ATR) ν 1730, 1509, 1451, 1369, 1243, 
1154, 1091, 1035, 811, 746 cm-1; HRMS (ESI+) calcd for C30H34N2NaO5 525.2365 (M+Na+) found 
525.2364. 
 
 
White solid; melting point 54 °C ;  
Rf 0.17 (n-hexane/EtOAc = 6/1); 
75% yield; 
 
 
 
1H NMR (400 MHz, CDCl3)  1.64 (s, 9H), 2.76 (s, 1H), 3.66-3.68 (m, 2H), 3.73 (s, 3H), 4.40 (d, 1H, J 
= 16.4 Hz), 4.46 (d, 1H, J = 16.4 Hz), 5.15 (br-dd, 1H, J = 7.2, 5.6 Hz), 6.79 (d, 2H, J = 8.4 Hz), 
6.79-6.82 (m, 2H), 6.91 (t, 2H, J = 8.8 Hz), 7.05 (d, 2H, J = 8.4 Hz), 7.18 (t, 1H, J = 7.6 Hz), 7.29 (t, 
1H, J = 7.6 Hz), 7.51 (d, 1H, J = 7.6 Hz), 7.54 (s, 1H), 8.14 (d, 1H, J = 7.6 Hz); 13C NMR (100 MHz, 
CDCl3)  28.1 (×3), 55.1, 55.9, 58.4, 65.7, 83.7, 113.9 (×2), 115.3, 115.6 (×2, d, J = 21.9 Hz), 115.8 (×2, 
d, J = 6.6 Hz), 119.6, 121.4, 122.5, 122.8, 124.5, 128.2, 128.4, 129.8, 135.7, 145.4, 145.4, 149.5, 156.1 
(d, J = 235.5 Hz), 158.6; IR (ATR) ν 1732, 1509, 1452, 1370, 1248, 1156, 1092, 813, 747 cm-1; HRMS 
(ESI+) calcd for C29H31FN2NaO4 513.2166 (M+Na+) found 513.2130. 
 
(2-5) Preparation of Compound 32l 
 
To a stirred solution of S-10 (3.0 mmol), acrolein (0.33 mL, 5.0 mmol) and n-Bu4NCl (83.4 mg, 0.3 
mmol) in toluene (10 mL) and THF (10 mL) at 0 oC was added NaOAc (246 mg, 3.0 mmol). After 
being stirred for 50 min at rt, the reaction mixture was concentrated in vacuo. The residue was 
purified by silica gel column chromatography (n-hexane/EtOAc = 2/1) to give the desired product 
S-11 (496 mg, 48%) as white solids: melting point 69-71 °C; Rf 0.29 (n-hexane/EtOAc = 2/1); 1H 
NMR (400 MHz, CDCl3)  2.36 (s, 3H), 2.43 (t, 2H, J = 7.2 Hz), 3.27 (t, 2H, J = 7.2 Hz), 3.70 (s, 3H), 
4.13 (s, 2H), 6.76 (d, 2H, J = 8.4 Hz), 7.11 (d, 2H, J = 8.4 Hz), 7.25 (d, 2H, J = 8.4 Hz), 7.63 (d, 2H, J = 
8.4 Hz), 9.43 (s, 1H); 13C NMR (100 MHz, CDCl3)  21.4, 41.6, 43.6, 52.5, 55.1, 114.0 (×2), 127.1 (×2), 
127.7, 129.7 (×2), 129.8 (×2), 135.9, 143.5, 159.3, 200.2; IR (ATR) ν 1720, 1511, 1334, 1304, 1245, 
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1154, 1089, 1030, 907, 813, 744 cm-1; HRMS (ESI+) calcd for C18H21NNaO4S 370.1089 (M+Na+) 
found 370.1050. 
 
 
To a stirred solution of S-2a (343 mg, 1.0 mmol) in THF (5 mL) at 0 oC was added i-PrMgCl (0.5 mL, 
2 M in THF, 1.0 mmol). After being stirred for 15 min, the reaction mixture was added aldehyde 
S-11 (173 mg, 0.5 mmol) in THF (5 mL) at 0 oC. After being stirred for 10 min at the same 
temperature, the reaction mixture was quenched with saturated aqueous NH4Cl, and extracted 
twice with EtOAc. The combined organic layers were washed with brine, dried over Na2SO4, filtered, 
and concentrated in vacuo. The residue was purified by silica gel column chromatography 
(n-hexane/EtOAc = 2/1) to give the desired product 32l (263 mg, 93%) as white solids: melting point 
59 °C; Rf 0.24 (n-hexane/EtOAc = 2/1); 1H NMR (400 MHz, CDCl3)  1.63 (s, 9H), 1.69-1.86 (m, 2H), 
2.41 (s, 3H), 3.00 (s, 1H), 3.02-3.08 (m, 1H), 3.48-3.56 (m, 1H), 3.74 (s, 3H), 4.01 (d, 1H, J = 14.4 Hz), 
4.44 (d, 1H, J = 14.4 Hz), 4.89 (br-d, 1H, J = 8.4 Hz), 6.79 (d, 2H, J = 8.4 Hz), 7.13 (t, 1H, J = 7.6 Hz), 
7.18 (d, 2H, J = 8.4 Hz), 7.22-7.27 (m, 2H), 7.28 (d, 2H, J = 8.4 Hz), 7.39 (s, 1H), 7.69 (d, 2H, J = 8.4 
Hz), 8.10 (br-d, 1H, J = 7.2 Hz); 13C NMR (100 MHz, CDCl3)  21.4, 28.0 (×3), 35.8, 45.4, 52.8, 55.1, 
64.3, 83.4, 113.9 (×2), 115.0, 119.7, 122.0, 122.2, 123.2, 124.2, 127.0 (×2), 128.2 (×2), 129.7 (×2), 
129.8 (×2), 135.6, 136.0, 143.4, 149.5, 159.2; IR (ATR) ν 1728, 1512, 1452, 1369, 1333, 1305, 1248, 
1152, 1089, 1033, 814, 766, 735, 701, 654 cm-1; HRMS (ESI+) calcd for C31H36N2NaO6S 587.2192 
(M+Na+) found 587.2146. 
 
(2-5) Preparation of Compound 32m 
 
To a stirred solution of S-10 (1000 mg, 3.4 mmol) in DMF (10 mL) at 0 oC was added NaH (60% in oil, 
165 mg, 4.1 mmol). After being stirred for 30 min at 0 oC, methyl 4-bromobutyrate (0.52 mL, 4.1 
mmol) and TBAI (126 mg, 0.34 mmol) were added to the reaction mixture at the same temperature. 
After being stirred for 8 h at 60 oC, the reaction mixture was quenched with saturated aqueous 
NH4Cl at 0 oC, and extracted 3 times with Et2O. The combined organic layers were washed with 
brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue was purified by silica gel 
column chromatography (n-hexane/EtOAc = 3/1) to give the desired product S-12 (1265 mg, 94%) as 
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a colorless oil: Rf 0.17 (n-hexane/EtOAc = 3/1); 1H NMR (400 MHz, CDCl3)  1.64 (quintet, 2H, J = 
7.2 Hz), 2.17 (t, 2H, J = 7.2 Hz), 2.44 (s, 3H), 3.10 (t, 2H, J = 7.2 Hz), 3.60 (s, 3H), 3.79 (s, 3H), 4.23 (s, 
2H), 6.83 (d, 2H, J = 8.8 Hz), 7.19 (d, 2H, J = 8.8 Hz), 7.31 (d, 2H, J = 7.6 Hz), 7.71 (d, 2H, J = 7.6 
Hz); 13C NMR (100 MHz, CDCl3)  21.5, 23.3, 30.6, 47.1, 51.5, 51.7, 55.2, 113.9 (×2), 127.1 (×2), 128.1, 
129.7 (×2), 129.7 (×2), 136.6, 143.2, 159.2, 173.2; IR (ATR) ν 1733, 1611, 1512, 1438, 1335, 1247, 
1155, 1031, 815, 740 cm-1; HRMS (ESI+) calcd for C20H25NNaO5S 414.1351 (M+Na+) found 414.1302. 
 
 
To a stirred solution of S-12 (500 mg, 1.28 mmol) in toluene (5 mL) at -78 oC was added dropwise 
DIBAL (1.4 mL, 1.0 M in n-hexane). After being stirred for 1 h at -78 oC, the reaction mixture was 
quenched with aqueous 2 M potassium sodium tartrate at the same temperature. The solution was 
warmed to room temperature and stirred until the organic and aqueous layers were separated. The 
aqueous layer was extracted 3 times with EtOAc and the combined organic layers were washed 
with brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue was purified by 
silica gel column chromatography (n-hexane/EtOAc = 2.3/1) to give the desired product S-13 (350 
mg, 76%) as a colorless oil: Rf 0.21 (n-hexane/EtOAc = 2/1); 1H NMR (400 MHz, CDCl3)  1.61 
(quintet, 2H, J = 6.8 Hz), 2.33 (t, 2H, J = 6.8 Hz), 2.44 (s, 3H), 3.08 (t, 2H, J = 6.8 Hz), 3.79 (s, 3H), 
4.21 (s, 2H), 6.83 (d, 2H, J = 8.8 Hz), 7.19 (d, 2H, J = 8.8 Hz), 7.32 (d, 2H, J = 8.0 Hz), 7.70 (d, 2H, J = 
8.0 Hz), 9.58 (s, 1H); 13C NMR (100 MHz, CDCl3)  20.7, 21.5, 40.4, 47.3, 52.1, 55.2, 113.9 (×2), 127.1 
(×2), 128.1, 129.7 (×2), 129.8 (×2), 136.4, 143.3, 159.2, 201.4; IR (ATR) ν 1720, 1611, 1511, 1333, 
1246, 1154, 1089, 1030, 814, 734 cm-1; HRMS (ESI+) calcd for C19H23NNaO4S 384.1245 (M+Na+) 
found 384.1232. 
 
 
To a stirred solution of S-2a (343 mg, 1.0 mmol) in THF (5 mL) at 0 oC was added i-PrMgCl (0.5 mL, 
2 M in THF, 1.0 mmol). After being stirred for 15 min, the reaction mixture was added aldehyde 
S-13 (140 mg, 0.38 mmol) in THF (5 mL) at 0 oC. After being stirred for 10 min at the same 
temperature, the reaction mixture was quenched with saturated aqueous NH4Cl, and extracted 3 
times with EtOAc. The combined organic layers were washed with brine, dried over Na2SO4, 
filtered, and concentrated in vacuo. The residue was purified by silica gel column chromatography 
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(n-hexane/EtOAc = 2/1) to give the desired product 32m (208 mg, 93%) as white solids: melting point 
51-54 °C; Rf 0.17 (n-hexane/EtOAc = 2/1); 1H NMR (400 MHz, CDCl3)  1.36-1.56 (m, 2H), 1.65 (s, 
9H), 1.65-1.73 (m, 2H), 2.13 (s, 1H), 2.37 (s, 3H), 3.11 (t, 2H, J = 7.2 Hz), 3.73 (s, 3H), 4.18 (s, 2H), 
4.75 (t, 1H, J = 6.4 Hz), 6.75 (d, 2H, J = 8.0 Hz), 7.11 (d, 2H, J = 8.0 Hz), 7.17-7.24 (m, 3H), 7.29 (t, 
1H, J = 8.0 Hz), 7.42 (s, 1H), 7.53 (d, 1H, J = 8.0 Hz), 7.64 (d, 2H, J = 8.0 Hz), 8.13 (d, 1H, J = 8.0 
Hz); 13C NMR (100 MHz, CDCl3)  21.3, 24.2, 28.1 (×3), 33.8, 47.5, 51.2, 55.1, 67.3, 83.6, 113.8 (×2), 
115.2, 119.7, 122.2, 122.4, 123.7, 124.3, 127.0 (×2), 128.2, 128.4, 129.5 (×2), 129.5 (×2), 135.7, 136.9, 
143.0, 149.6, 159.1; IR (ATR) ν 1728, 1512, 1452, 1368, 1248, 1153, 1089, 815, 736 cm-1; HRMS 
(ESI+) calcd for C32H38N2NaO6S 601.2348 (M+Na+) found 601.2372. 
 
3. Deuterium Labeling Studies 
(3-1) Acid-Promoted Novel Skeletal Rearrangement using Deuterium Labeling Compounds 32b-d1 
and 32b-d2 
 
To a stirred solution of 32b-d1 (71.7 mg, 0.13 mmol) in CH2Cl2 (4.2 mL) at 0 oC was added TFA (1.0 
mL, 1.0 M in CH2Cl2, 1.0 mmol). After being stirred for 4 h at 0 oC, the reaction mixture was 
concentrated in vacuo. The residue was purified by silica gel column chromatography 
(n-hexane/EtOAc = 4/1) to give the desired product 33b-d1 (63.8 mg, 92%) as white solids: melting 
point 98-101 °C; Rf 0.38 (n-hexane/EtOAc = 3/1); 1H NMR (400 MHz, CDCl3)  1.71 (s, 9H), 2.40 (s, 
3H), 2.96 (d, 1H, J = 12.0 Hz), 3.78 (s, 3H), 3.87 (d, 1H, J = 12.0 Hz), 4.37 (d, 1H, J = 16.4 Hz), 4.82 (d, 
1H, J = 16.4 Hz), 6.74 (d, 1H, J = 7.6 Hz), 6.81 (d, 2H, J = 7.6 Hz), 6.98 (t, 1H, J = 7.6 Hz), 7.09 (d, 2H, 
J = 7.6 Hz), 7.20 (t, 1H, J = 7.6 Hz), 7.29 (d, 2H, J = 7.6 Hz), 7.68 (d, 2H, J = 7.6 Hz), 8.11 (d, 1H, J = 
7.6 Hz); 13C NMR (100 MHz, CDCl3)  21.5, 28.2 (×3), 39.0 (t, J = 18.6 Hz), 45.8, 51.4, 55.2, 84.4, 
113.9 (×2), 115.3, 117.3, 119.6, 122.6, 124.1, 127.6 (×2), 127.8, 129.3 (×2), 129.7 (×2), 131.1, 132.2, 
133.6, 136.0, 143.7, 149.8, 158.7; IR (ATR) ν 1731, 1509, 1455, 1371, 1248, 1155, 1117, 1036, 835, 
748 cm-1; HRMS (ESI+) calcd for C30H31DN2NaO5S 556.1992 (M+Na+) found 556.1952. 
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To a stirred solution of 32b-d2 (0.20 mmol) in CH2Cl2 (6.3 mL) at 0 oC was added TFA (1.6 mL, 1.0 M 
in CH2Cl2, 1.6 mmol). After being stirred for 6 h at 0 oC, the reaction mixture was concentrated in 
vacuo. The residue was purified by silica gel column chromatography (n-hexane/EtOAc = 5/1) to 
give the desired product 33b-d2 (79.8 mg, 76%) as white solids: melting point 85 °C; Rf 0.19 
(n-hexane/EtOAc = 6/1); 1H NMR (600 MHz, CDCl3)  1.71 (s, 9H), 2.40 (s, 3H), 2.97 (dd, 1H, J = 
12.0, 8.4 Hz), 3.77 (s, 3H), 3.87 (dd, 1H, J = 12.0, 6.0 Hz), 4.26 (dd, 1H, J = 8.4, 6.0 Hz), 6.74 (d, 1H, J 
= 7.8 Hz), 6.80 (d, 2H, J = 8.4 Hz), 6.98 (t, 1H, J = 7.8 Hz), 7.08 (d, 2H, J = 8.4 Hz), 7.20 (t, 1H, J = 
7.8 Hz), 7.29 (d, 2H, J = 8.4 Hz), 7.68 (d, 2H, J = 8.4 Hz), 8.12 (d, 1H, J = 7.8 Hz); 13C NMR (150 MHz, 
CDCl3)  21.5, 28.2 (×3), 39.4, 45.3 (quintet, J = 18.9 Hz), 51.4, 55.2, 84.4, 114.0 (×2), 115.3, 117.5, 
119.6, 122.6, 124.1, 127.6 (×2), 127.9, 129.4 (×2), 129.7 (×2), 130.9, 132.2, 133.7, 136.0, 143.7, 149.9, 
158.7; IR (ATR) ν 1728, 1510, 1455, 1368, 1251, 1149, 1034, 831, 735 cm-1; HRMS (ESI+) calcd for 
C30H30D2N2NaO5S 557.2055 (M+Na+) found 557.2060. 
 
 (3-2) Preparation of Compound 32b-d1 
 
To a stirred solution of 32b (110 mg, 0.2 mmol) in CH2Cl2 (10 mL) at room temperature was added 
MnO2 (550 mg). After being stirred for 4.5h at room temperature, the reaction mixture was filtered 
through a pad of Celite and concentrated in vacuo. The residue was purified by silica gel column 
chromatography (n-hexane/EtOAc = 4/1) to give the desired product 36 (105 mg, 96%) as white 
solids: melting point 53 °C; Rf 0.19 (n-hexane/EtOAc = 4/1); 1H NMR (400 MHz, CDCl3)  1.69 (s, 
9H), 2.42 (s, 3H), 3.69 (s, 3H), 4.45 (s, 2H), 4.48 (s, 2H), 6.71 (d, 2H, J = 8.4 Hz), 7.13 (d, 2H, J = 8.4 
Hz), 7.28-7.37 (m, 4H), 7.78 (d, 2H, J = 8.0 Hz), 8.13 (t, 2H, J = 6.8 Hz), 8.22 (s, 1H); 13C NMR (100 
MHz, CDCl3)  21.5, 28.0 (×3), 51.1, 52.0, 55.1, 85.5, 113.8 (×2), 114.8, 117.4, 122.3, 124.2, 125.5, 
126.8, 127.1, 127.4 (×2), 129.5 (×2), 130.3 (×2), 131.9, 135.1, 136.8, 143.3, 148.7, 159.3, 190.1; IR 
(ATR) ν 1743, 1450, 1359, 1237, 1150, 1192, 1032, 737, 656 cm-1; HRMS (ESI+) calcd for 
C30H32N2NaO6S 571.1879 (M+Na+) found 571.1832. 
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To a stirred solution of 36 (35.0 mg, 0.064 mmol) in MeOH (1 mL) and CH2Cl2 (1 mL) at 0 oC was 
added NaBD4 (4.2 mg, 0.10 mmol). After being stirred for 1 h at 0 oC, the reaction mixture was 
quenched with saturated aqueous NH4Cl, and extracted twice with EtOAc. The combined extracts 
were washed with brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue was 
purified by silica gel column chromatography (n-hexane/EtOAc = 2.5/1) to give the desired product 
32b-d1 (26.2 mg, 74%) as white solids: melting point 55-58 °C; Rf 0.24 (n-hexane/EtOAc = 3/1); 1H 
NMR (400 MHz, CDCl3)  1.64 (s, 9H), 2.42 (s, 3H), 3.07 (s, 1H), 3.27 (d, 1H, J = 15.2 Hz), 3.43 (d, 
1H, J = 15.2 Hz), 3.80 (s, 3H), 4.13 (d, 1H, J = 14.0 Hz), 4.55 (d, 1H, J = 14.0 Hz), 6.86 (d, 2H, J = 8.0 
Hz), 7.10-7.12 (m, 2H), 7.22 (d, 2H, J = 8.4 Hz), 7.24-7.27 (m, 1H), 7.30 (d, 2H, J = 8.0 Hz), 7.47 (s, 
1H), 7.74 (d, 2H, J = 8.0 Hz), 8.09 (d, 1H, J = 7.2 Hz); 13C NMR (100 MHz, CDCl3)  21.5, 28.1 (×3), 
53.8, 54.9, 55.2, 66.7 (t, J = 21.0 Hz), 83.7, 114.2 (×2), 115.2, 119.2, 120.7, 122.4, 123.0, 124.3, 127.3 
(×2), 127.6, 128.0, 129.8 (×2), 129.9 (×2), 135.6, 135.6, 143.7, 149.5, 159.5; IR (ATR) ν 1731, 1512, 
1452, 1369, 1248, 1151, 1089, 912, 814, 742, 658 cm-1; HRMS (ESI+) calcd for C30H33DN2NaO6S 
574.2098 (M+Na+) found 574.2084. 
 
(3-3) Preparation of Compound 32b-d2 
 
35 was prepared according to the literature procedure6,7. 
To a stirred solution of 29 (153 mg, 0.56 mmol) in THF (4 mL) at 0 oC was added NaH (60% in oil, 25 
mg, 0.62 mmol). After being stirred for 30 min at 0 oC, 35 (88.2 mg, 0.56 mmol) in THF (1 mL) and 
TBAI (20.7 mg, 0.056 mmol) were added to the reaction mixture at the same temperature. After 
being stirred for 10 h at 60 oC, the reaction mixture was quenched with saturated aqueous NH4Cl at 
0 oC, and extracted 3 times with EtOAc. The combined organic layers were washed with brine, dried 
over Na2SO4, filtered, and concentrated in vacuo. The residue was purified by silica gel column 
chromatography (n-hexane/EtOAc = 2/1) to give the desired products 36 (117 mg, 51%) as a yellow 
oil: Rf 0.10 (n-hexane/EtOAc = 2/1); 1H NMR (400 MHz, CDCl3)  2.42 (s, 3H), 3.06 (s, 3H), 3.50 (s, 
3H), 3.77 (s, 3H), 4.10 (s, 2H), 6.83 (d, 2H, J = 8.8 Hz), 7.18 (d, 2H, J = 8.8 Hz), 7.30 (d, 2H, J = 7.6 
Hz), 7.80 (d, 2H, J = 7.6 Hz); 13C NMR (100 MHz, CDCl3)  21.4, 32.1, 45.0, 49.6 (quintet, J = 20.0 
Hz), 55.1, 61.1, 113.8 (×2), 127.0, 127.4 (×2), 129.3 (×2), 130.0 (×2), 137.2, 143.0, 159.2, 168.9; IR 
(ATR) ν 1680, 1611, 1513, 1463, 1337, 1304, 1250, 1157, 1105, 1029, 997, 929, 856, 811, 731, 657 
cm-1; HRMS (ESI+) calcd for C19H22D2N2NaO5S 417.1429 (M+Na+) found 417.1387. 
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To a stirred suspension of LiAlH4 (11.8 mg, 0.31 mmol) in Et2O (2 mL) at 0 oC was added dropwise 
36 (111.6 mg, 0.28 mmol) in Et2O (3 mL). After being stirred for 15 min at 0 oC, the reaction mixture 
was quenched with aqueous 2 M potassium sodium tartrate at the same temperature. The solution 
was warmed to room temperature and stirred until the organic and aqueous layers were separated. 
The aqueous layer was extracted twice with EtOAc and the combined organic layers were dried over 
Na2SO4, filtered, and concentrated in vacuo. The residue was passed through a short pad of silica 
gel. After concentration in vacuo, the obtained aldehyde S-14 was utilized for the next reaction 
without further purification.  
 
To a stirred solution of S-2a (206 mg, 0.6 mmol) in THF (5 mL) at 0 oC was added i-PrMgCl (0.3 mL, 
2 M in THF, 0.6 mmol). After being stirred for 15 min, the reaction mixture was treated with 
aldehyde S-14 (0.28 mmol) in THF (5 mL) at 0 oC. After being stirred for 10 min at the same 
temperature, the reaction mixture was quenched with saturated aqueous NH4Cl, and extracted 3 
times with EtOAc. The combined organic layers were washed with brine, dried over Na2SO4, 
filtered, and concentrated in vacuo. The residue was purified by silica gel column chromatography 
(n-hexane/EtOAc = 3/1) to give the desired product 32b-d2 (110 mg, 71% in 2 steps) as white solids: 
melting point 49-52 °C; 1H NMR (400 MHz, CDCl3)  1.64 (s, 9H), 2.41 (s, 3H), 3.14 (s, 1H), 3.28 (dd, 
1H, J = 14.8, 2.8 Hz), 3.43 (dd, 1H, J = 14.8, 8.8 Hz), 3.79 (s, 3H), 4.88 (d, 1H, J = 9.2 Hz), 6.85 (d, 2H, 
J = 8.4 Hz), 7.10-7.12 (m, 2H), 7.21 (d, 2H, J = 8.4 Hz), 7.23-7.27 (m, 1H), 7.29 (d, 2H, J = 8.4 Hz), 
7.47 (s, 1H), 7.73 (d, 2H, J = 8.4 Hz), 8.09 (d, 1H, J = 7.2 Hz); 13C NMR (100 MHz, CDCl3)  21.4, 
28.1 (×3), 53.1 (quintet, J = 19.6 Hz), 54.8, 55.2, 67.0, 83.6, 114.1 (×2), 115.2, 119.2, 120.8, 122.4, 
122.9, 124.3, 127.2 (×2), 127.5, 127.9, 129.8 (×2), 129.9 (×2), 135.6, 135.6, 143.7, 149.4, 159.5; IR 
(ATR) ν 1730, 1611, 1512, 1452, 1335, 1249, 1152, 1089, 812, 746 cm-1; HRMS (ESI+) calcd for 
C30H32D2N2NaO6S 575.2161 (M+Na+) found 575.2132. 
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1. General Procedure for the Acid-Promoted Cascade Cyclization and Product Characterizations 
 
General Procedure A: To a stirred solution of 40 (0.1 mmol) in CH2Cl2 (4.2 mL) at 0 °C was added 
TFA (0.8 mL, 1.0 M in CH2Cl2, 0.8 mmol). After being stirred for required time at 0 °C, the reaction 
mixture was concentrated in vacuo. Saturated aqueous NaHCO3 (2 mL) was added to the crude 
product dissolved in CH3CN (2 mL) at room temperature. After being stirred for required time at 
the same temperature, the reaction mixture was diluted with water and extracted twice with 
EtOAc. The combined organic layers were washed with brine, dried over Na2SO4, filtered, and 
concentrated in vacuo. The residue was purified by silica gel column chromatography to give the 
desired products 41. 
General Procedure B: To a stirred suspension of 40 (0.1 mmol) and MS 4Å (40 mg) in CH2Cl2 (5.0 
mL) at 0 °C was added B(C6F5)3 (10.2 mg, 0.02 mmol). After being stirred for required time at 0 °C, 
the reaction mixture was concentrated in vacuo. The residue was purified by silica gel column 
chromatography to give the desired products 41. 
General Procedure C: To a stirred suspension of 40 (0.1 mmol) and MS 4Å (40 mg) in CH2Cl2 (5.0 
mL) at room temperature was added Sc(OTf)3 (9.8 mg, 0.02 mmol). After being stirred for required 
time at the same temperature, the reaction mixture was concentrated in vacuo. The residue was 
purified by silica gel column chromatography to give the desired products 41. 
 
White solid; melting point 82 °C;  
Rf 0.43 (n-hexane/EtOAc = 2/1); 
condition A : 62% yield (reaction time : 2 h); 
condition B : 64% yield (reaction time : 1 h); 
 
1H NMR (400 MHz, CDCl3)  1.32 (s, 9H), 2.31 (s, 3H), 3.09-3.15 (m, 1H), 3.32 (dd, 1H, J = 10.0, 6.0 
Hz), 3.44 (dd, 1H, J = 10.0, 7.2 Hz), 3.55 (dd, 1H, J = 10.0, 2.4 Hz), 3.66 (t, 1H, J = 10.0 Hz), 3.73 (s, 
3H), 3.77-3.81 (m, 1H), 4.34 (s, 1H), 6.74 (d, 2H, J = 8.8 Hz), 6.78 (d, 2H, J = 8.8 Hz), 7.07 (d, 2H, J = 
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8.0 Hz), 7.25 (t, 1H, J = 7.6 Hz), 7.30 (t, 1H, J = 7.6 Hz), 7.37 (d, 1H, J = 7.6 Hz), 7.57 (d, 2H, J = 8.0 
Hz), 8.19 (d, 1H, J = 7.6 Hz); 13C NMR (100 MHz, CDCl3)  21.5, 27.7 (×3), 40.8, 51.3, 52.7, 54.1, 55.2, 
57.4, 83.5, 113.9 (×2), 116.1, 118.2, 122.9, 123.9, 125.0, 126.0, 127.5 (×2), 127.5 (×2), 129.3 (×2), 
132.7, 135.5, 141.0, 142.4, 143.3, 149.1, 158.3; IR (ATR) ν 1731, 1510, 1451, 1370, 1248, 1160, 1117, 
1034, 733, 665 cm-1; HRMS (ESI+) calcd for C32H34N2NaO5S 581.2081 (M+Na+) found 581.2095. 
 
White solid; melting point 90-91 °C; 
Rf 0.53 (n-hexane/EtOAc = 1.5/1); 
condition A : 74% yield (reaction time : 1 h); 
condition B : 83% yield (reaction time : 2 h); 
 
1H NMR (400 MHz, CDCl3)  1.31 (s, 9H), 2.84 (s, 3H), 3.16-3.22 (m, 1H), 3.78 (s, 3H), 3.97 (dd, 1H, 
J = 14.0, 4.8 Hz), 4.11 (dd, 1H, J = 14.0, 6.4 Hz), 4.62 (d, 1H, J = 2.8 Hz), 4.68 (d, 1H, J = 7.6 Hz), 
6.84 (d, 2H, J = 8.8 Hz), 7.00 (d, 2H, J = 8.8 Hz), 7.20-7.30 (m, 4H), 7.63 (d, 1H, J = 7.2 Hz), 7.67 (dd, 
1H, J = 6.0, 2.4 Hz), 7.75 (dd, 1H, J = 6.8, 2.8 Hz), 8.24 (d, 1H, J = 8.0 Hz); 13C NMR (100 MHz, 
CDCl3)  27.7 (×3), 39.5, 40.0, 49.5, 50.7, 54.2, 55.3, 83.8, 114.1 (×2), 116.0, 119.0, 122.1, 122.9, 123.9, 
124.9, 125.5, 127.1, 127.3, 129.7 (×2), 130.4, 130.8, 135.4, 137.6, 140.7, 142.3, 149.2, 158.5; IR (ATR) 
ν 1732, 1511, 1449, 1355, 1247, 1156, 1119, 1033, 829, 753 cm-1; HRMS (ESI+) calcd for 
C31H32N2NaO5S 567.1924 (M+Na+) found 567.1922. 
 
White solid; melting point 86 °C;  
Rf 0.46 (n-hexane/EtOAc = 2/1); 
condition A : 71% yield (reaction time : 2 h); 
condition B : 64% yield (reaction time : 1 h); 
 
1H NMR (400 MHz, CDCl3)  1.36 (s, 9H), 2.84 (s, 3H), 3.17-3.22 (m, 1H), 3.94 (dd, 1H, J = 13.2, 4.4 
Hz), 4.09 (dd, 1H, J = 13.2, 6.4 Hz), 4.59 (s, 1H), 4.68 (d, 1H, J = 8.0 Hz), 5.92 (s, 1H), 5.93 (s, 1H), 
6.55 (d, 1H, J = 1.6 Hz), 6.58 (dd, 1H, J = 7.6, 1.6 Hz), 6.75 (d, 1H, J = 7.6 Hz), 7.21-7.30 (m, 4H), 
7.62 (d, 1H, J = 7.6 Hz), 7.66 (dd, 1H, J = 6.0, 2.8 Hz), 7.75 (dd, 1H, J = 6.0, 2.8 Hz), 8.23 (d, 1H, J = 
8.0 Hz); 13C NMR (100 MHz, CDCl3)  27.8 (×3), 39.5, 40.1, 49.5, 51.2, 54.3, 83.9, 101.0, 107.1, 108.4, 
116.0, 119.0, 119.8, 122.0, 122.9, 124.0, 124.9, 125.4, 127.3, 127.3, 130.4, 130.8, 137.2, 137.7, 140.8, 
142.0, 146.3, 148.1, 149.1; IR (ATR) ν 1732, 1488, 1446, 1356, 1248, 1155, 1113, 1038, 911, 732 cm-1; 
HRMS (ESI+) calcd for C31H30N2NaO6S 581.1717 (M+Na+) found 581.1716. 
 
White solid; melting point 111 °C;  
Rf 0.46 (n-hexane/EtOAc = 2/1); 
condition A : 63% yield (reaction time : 2 h); 
condition B : 60% yield (reaction time : 1 h); 
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1H NMR (400 MHz, CDCl3)  1.28 (s, 9H), 1.63 (s, 9H), 2.79 (s, 3H), 3.32-3.38 (m, 1H), 4.07 (dd, 1H, 
J = 13.6, 4.8 Hz), 4.15 (dd, 1H, J = 13.6, 6.4 Hz), 4.74 (d, 1H, J = 7.2 Hz), 4.81 (s, 1H), 7.12 (s, 1H), 
7.21-7.31 (m, 5H), 7.34 (t, 1H, J = 7.6 Hz), 7.48 (d, 1H, J = 7.6 Hz), 7.61 (d, 1H, J = 8.0 Hz), 7.68 (d, 
1H, J = 7.6 Hz), 7.79 (d, 1H, J = 7.6 Hz) , 8.12 (d, 1H, J = 8.4 Hz) , 8.25 (d, 1H, J = 8.4 Hz); 13C NMR 
(100 MHz, CDCl3)  27.7 (×3), 28.2 (×3), 39.5, 40.3, 43.2, 49.8, 51.7, 83.8, 84.0, 115.5, 116.1, 118.9, 
119.0, 122.0, 122.3, 122.4, 122.9, 123.0, 124.0, 124.7, 125.0, 125.6, 126.7, 127.4, 129.3, 130.2, 130.9, 
135.6, 137.7, 140.7, 141.3, 149.1, 149.8; IR (ATR) ν1731, 1450, 1355, 1310, 1255, 1154, 1116, 1084, 
747 cm-1; HRMS (ESI+) calcd for C37H39N3NaO6S 676.2452 (M+Na+) found 676.2441. 
 
Pale orange solid; melting point 108-110 °C;  
Rf 0.52 (n-hexane/EtOAc = 1.5/1); 
condition A : 53% yield (reaction time : 2 h); 
condition B : 42% yield (reaction time : 1.5 h); 
 
1H NMR (400 MHz, CDCl3)  2.27 (s, 3H), 3.09-3.14 (m, 1H), 3.80 (s, 3H), 3.94 (t, 1H, J = 10.4 Hz), 
4.38 (dd, 1H, J = 11.2, 4.4 Hz), 4.41 (s, 1H), 4.68 (d, 1H, J = 6.4 Hz), 6.79 (d, 2H, J = 8.4 Hz), 6.86 (d, 
1H, J = 8.4 Hz), 6.98 (d, 2H, J = 8.4 Hz), 7.00 (t, 1H, J = 8.0 Hz), 7.07 (d, 2H, J = 8.4 Hz), 7.13 (t, 1H, 
J = 8.0 Hz), 7.23-7.29 (m, 4H), 7.65 (d, 1H, J = 7.6 Hz), 7.71 (d, 1H, J = 8.0 Hz), 8.02 (d, 1H, J = 8.0 
Hz); 13C NMR (100 MHz, CDCl3)  21.5, 37.6, 48.6, 51.3, 55.3, 67.3, 114.0 (×2), 114.8, 117.4, 119.8, 
120.9, 122.2, 123.5, 124.0, 126.4, 126.6 (×2), 127.8, 128.6 (×2), 129.0, 129.4 (×2), 131.1, 133.7, 135.2, 
140.3, 144.5, 144.5, 155.3, 158.6; IR (ATR) ν 1510, 1489, 1444, 1366, 1228, 1172, 1108, 1031, 812, 
736, 673 cm-1; HRMS (ESI+) calcd for C32H27NNaO4S 544.1553 (M+Na+) found 544.1563. 
 
White solid; melting point 72-73 °C ; 
Rf 0.55 (n-hexane/EtOAc = 1.5/1); 
condition A : 99% yield (reaction time : 1 h); 
condition B : 93% yield (reaction time : 1.5 h); 
 
 major isomer : 1H NMR (400 MHz, CDCl3)  1.29 (s, 9H), 1.64-1.69 (m, 2H), 2.02-2.07 (m, 2H), 2.41 
(s, 3H), 2.92-2.96 (m, 1H), 2.97-3.02 (m, 1H), 3.27-3.32 (m, 2H), 3.60-3.71 (m, 2H), 3.77 (s, 3H), 4.65 
(d, 1H, J = 2.0 Hz), 6.81 (d, 2H, J = 8.8 Hz), 7.01 (d, 2H, J = 8.8 Hz), 7.22 (t, 1H, J = 7.2 Hz), 
7.25-7.30 (m, 3H), 7.44 (d, 1H, J = 7.6 Hz), 7.69 (d, 2H, J = 8.4 Hz), 8.26 (d, 1H, J = 8.0 Hz); 13C NMR 
(100 MHz, CDCl3)  21.5, 26.4, 27.7 (×3), 29.2, 40.3, 49.6, 50.4, 51.3, 55.3, 58.0, 83.4, 113.9 (×2), 
116.0, 118.3, 122.6, 123.6, 125.6, 127.2 (×2), 127.5 (×2), 127.7, 129.6 (×2), 135.6, 137.7, 140.9, 141.9, 
143.2, 149.5, 158.1; IR (ATR) ν 1726, 1510, 1451, 1361, 1244, 1154, 1118, 1034, 814, 734, 685 cm-1; 
HRMS (ESI+) calcd for C34H38N2NaO5S 609.2394 (M+Na+) found 609.2392. 
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White solid; melting point 82-84 °C;  
Rf 0.42 (n-hexane/EtOAc = 1.5/1); 
condition A : 85% yield (reaction time : 2 h); 
condition C : 75% yield (reaction time : 23 h); 
 
1H NMR (400 MHz, CDCl3)  1.53-1.63 (br-m, 2H), 1.78-1.88 (br-m, 3H), 2.17-2.24 (m, 1H), 2.22 (s, 
3H), 2.41 (s, 3H), 3.03-3.08 (m, 1H), 3.17-3.23 (m, 1H), 3.29-3.36 (m, 2H), 3.46-3.53 (m, 2H), 3.82 (s, 
3H), 4.22 (d, 1H, J = 3.6 Hz), 6.74 (d, 2H, J = 8.8 Hz), 6.94 (d, 2H, J = 8.8 Hz), 7.00 (d, 2H, J = 8.0 Hz), 
7.19-7.27 (m, 5H), 7.28 (td, 1H, J = 6.8, 1.2 Hz), 7.45 (d, 1H, J = 6.8 Hz), 7.50 (d, 2H, J = 8.0 Hz), 8.01 
(d, 1H, J = 8.0 Hz); 13C NMR (100 MHz, CDCl3)  21.5, 21.5, 25.4, 27.3, 27.5, 40.7, 48.1, 48.6, 50.9, 
55.3, 57.3, 113.8 (×2), 114.8, 119.2, 123.2, 123.8, 126.2, 126.6 (×2), 127.1 (×2), 128.8 (×2), 129.4 (×2), 
129.6 (×2), 129.7, 134.6, 135.5, 135.6, 140.5, 143.0, 143.3, 144.2, 158.5; IR (ATR) ν 1734, 1510, 1445, 
1368, 1244, 1157, 1036, 813, 728, 669 cm-1; HRMS (ESI+) calcd for C37H38N2NaO5S2 677.2114 
(M+Na+) found 677.2025. 
 
White solid; melting point 90 °C; 
Rf 0.48 (n-hexane/EtOAc = 1.5/1); 
condition A : 83% yield (reaction time : 1 h); 
condition C : 73% yield (reaction time : 2 h); 
 
1H NMR (400 MHz, CDCl3)  1.28 (s, 9H), 1.59-1.65 (m, 2H), 1.82-1.93 (m, 3H), 2.17-2.22 (m, 1H), 
2.39 (s, 3H), 2.85-2.92 (m, 1H), 3.28-3.32 (m, 2H), 3.39 (t, 1H, J = 8.8 Hz), 3.46 (dd, 1H, J = 15.2, 10.8 
Hz), 3.70 (dd, 1H, J = 15.2, 3.6 Hz), 3.80 (s, 3H), 4.18 (d, 1H, J = 4.4 Hz), 6.84 (d, 2H, J = 8.8 Hz), 
6.93 (d, 2H, J = 8.8 Hz), 7.20 (d, 2H, J = 8.4 Hz), 7.23 (td, 1H, J = 7.6, 1.2 Hz), 7.28 (td, 1H, J = 7.6, 
1.2 Hz), 7.46 (d, 1H, J = 7.6 Hz), 7.49 (d, 2H, J = 8.4 Hz), 8.21 (d, 1H, J = 7.6 Hz); 13C NMR (100 MHz, 
CDCl3)  21.5, 25.9, 27.3, 27.7 (×3), 27.8, 40.6, 47.9, 48.1, 51.2, 55.3, 57.5, 83.4, 113.9 (×2), 116.0, 
118.5, 122.7, 123.6, 125.7, 127.1 (×2), 127.9 (×2), 129.2, 129.6 (×2), 135.7, 135.8, 140.6, 141.4, 143.0, 
149.5, 158.3; IR (ATR) ν 2925, 1730, 1510, 1450, 1362, 1246, 1160, 1117, 728 cm-1; HRMS (ESI+) 
calcd for C35H40N2NaO5S 623.2550 (M+Na+) found 623.2553. 
 
White solid; melting point 151-152 °C;  
Rf 0.43 (n-hexane/EtOAc = 1.5/1); 
condition A : 76% yield (reaction time : 3 h); 
condition C : 68% yield (reaction time : 2.5 h); 
 
1H NMR (400 MHz, CDCl3)  1.57-1.62 (m, 2H), 1.75-1.96 (m, 3H), 2.10-2.16 (m, 1H), 2.38 (s, 3H), 
2.87-2.94 (m, 1H), 3.21-3.27 (m, 1H), 3.31-3.58 (m, 3H), 3.55 (dd, 1H, J = 15.2, 3.2 Hz), 3.82 (s, 3H), 
4.10 (d, 1H, J = 6.0 Hz), 4.75 (d, 1H, J = 12.4 Hz), 5.15 (d, 1H, J = 12.4 Hz), 6.79 (d, 2H, J = 8.0 Hz), 
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6.88 (d, 2H, J = 8.0 Hz), 7.09-7.11 (m, 2H), 7.17 (d, 2H, J = 8.0 Hz), 7.22-7.30 (m, 5H), 7.41 (d, 2H, J 
= 7.6 Hz), 7.45 (d, 1H, J = 7.2 Hz), 8.21 (d, 1H, J = 7.6 Hz); 13C NMR (100 MHz, CDCl3)  21.7, 26.3, 
27.2, 28.2, 40.7, 46.9, 47.7, 51.2, 55.2, 57.3, 68.0, 113.9 (×2), 116.1, 118.6, 123.1, 123.9, 125.8, 127.1 
(×2), 127.9 (×2), 128.4, 128.4 (×2), 128.4 (×2), 129.5 (×2), 130.2, 135.0, 135.6, 135.6, 140.5, 141.6, 
142.9, 150.5, 158.2; IR (ATR) ν 1732, 1510, 1450, 1390, 1344, 1243, 1158, 1107, 1134, 730 cm-1; 
HRMS (ESI+) calcd for C38H38N2NaO5S 657.2394 (M+Na+) found 657.2380. 
 
White solid; melting point 155-156 °C ;  
Rf 0.51 (n-hexane/EtOAc = 1.5/1); 
condition A : 80% yield (reaction time : 2 h); 
condition C : 75% yield (reaction time : 2 h); 
 
1H NMR (400 MHz, CDCl3)  1.58-1.64 (m, 2H), 1.76-1.98 (m, 3H), 2.09-2.15 (m, 1H), 2.38 (s, 3H), 
2.89-2.96 (m, 1H), 3.20-3.27 (m, 1H), 3.34-3.44 (m, 3H), 3.58 (dd, 1H, J = 15.2, 4.0 Hz), 3.82 (s, 3H), 
4.16 (d, 1H, J = 5.6 Hz), 4.29 (dd, 1H, J = 12.8, 6.4 Hz), 4.53 (dd, 1H, J = 12.8, 6.4 Hz), 5.14 (dd, 1H, J 
= 10.4, 0.8 Hz), 5.16 (dd, 1H, J = 16.8, 0.8 Hz), 5.57 (ddt, 1H, J = 16.8, 10.4, 6.4 Hz), 6.84 (d, 2H, J = 
8.8 Hz), 6.98 (d, 2H, J = 8.8 Hz), 7.17 (d, 2H, J = 8.0 Hz), 7.23-7.31 (m, 2H), 7.41-7.46 (m, 3H), 8.20 
(d, 1H, J = 7.2 Hz); 13C NMR (100 MHz, CDCl3)  21.5, 26.5, 27.1, 28.4, 40.7, 46.5, 47.7, 51.0, 55.3, 
57.3, 67.0, 113.9 (×2), 116.0, 118.6, 119.1, 123.0, 123.8, 125.7, 127.1 (×2), 128.0 (×2), 129.5 (×2), 130.2, 
131.4, 135.4, 135.8, 140.4, 141.6, 142.9, 150.3, 158.2; IR (ATR) ν 1732, 1510, 1450, 1382, 1317, 1157, 
1107, 1035, 910, 727 cm-1; HRMS (ESI+) calcd for C34H36N2NaO5S 607.2237 (M+Na+) found 
607.2228. 
 
White solid; melting point 55-57 °C ;  
Rf 0.46 (n-hexane/EtOAc = 1.5/1); 
condition A : 92% yield (reaction time : 2.5 h); 
condition C : 81% yield (reaction time : 2.5 h); 
 
1H NMR (400 MHz, CDCl3)  1.60-1.67 (m, 2H), 1.87-2.08 (m, 4H), 2.35 (s, 3H), 2.71-2.78 (m, 1H), 
3.06-3.11 (m, 1H), 3.26 (dd, 1H, J = 15.6, 4.0 Hz), 3.32-3.39 (m, 2H), 3.44-3.49 (m, 1H), 3.77 (s, 3H), 
3.82 (d, 1H, J = 8.0 Hz), 6.45 (d, 2H, J = 8.4 Hz), 6.61 (d, 2H, J = 8.4 Hz), 7.11 (d, 2H, J = 7.6 Hz), 
7.24-7.32 (m, 8H), 7.45-7.49 (m, 2H), 8.02-8.06 (m, 1H); 13C NMR (100 MHz, CDCl3)  21.4, 26.4, 
27.2, 29.4, 40.7, 44.6, 47.9, 50.0, 55.2, 57.8, 113.8 (×2), 116.2, 118.3, 123.3, 123.9, 125.5, 127.0 (×2), 
127.9 (×2), 128.1, 128.1, 128.7, 128.7, 129.5 (×2), 131.6, 131.8, 133.9, 134.9, 135.1, 141.1, 141.9, 
142.9, 158.1, 168.5; IR (ATR) ν 1679, 1510, 1447, 1342, 1312, 1244, 1158, 1035, 910, 728 cm-1; HRMS 
(ESI+) calcd for C37H36N2NaO4S 627.2288 (M+Na+) found 627.2264. 
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White solid; melting point 118-120 °C ;  
Rf 0.37 (n-hexane/EtOAc = 1.5/1); 
condition A : 85% yield (reaction time : 1.5 h); 
condition C : 72% yield (reaction time : 1.5 h); 
 
1H NMR (400 MHz, CDCl3)  1.58-1.65 (m, 2H), 1.79-1.85 (m, 3H), 2.13-2.17 (m, 1H), 2.29 (s, 3H), 
2.40 (s, 3H), 3.01-3.05 (m, 1H), 3.19-3.23 (m, 1H), 3.27-3.35 (m, 2H), 3.43-3.47 (m, 2H), 3.81 (s, 3H), 
3.84 (s, 3H), 4.19 (d, 1H, J = 4.4 Hz), 6.74 (d, 2H, J = 8.8 Hz), 6.87 (s, 1H), 6.89 (d, 1H, J = 6.0 Hz), 
6.95 (d, 2H, J = 8.8 Hz), 7.01 (d, 2H, J = 8.0 Hz), 7.21 (d, 2H, J = 8.0 Hz), 7.23 (d, 2H, J = 8.0 Hz), 
7.50 (d, 2H, J = 8.0 Hz), 7.90 (d, 1H, J = 6.0 Hz); 13C NMR (100 MHz, CDCl3)  21.5, 21.5, 25.4, 27.3, 
27.4, 40.6, 48.1, 48.4, 50.8, 55.2, 55.7, 57.2, 102.4, 111.9, 113.8 (×2), 115.6, 126.5 (×2), 127.1 (×2), 
127.2, 128.7 (×2), 129.3 (×2), 129.6 (×2), 129.9, 134.5, 135.1, 135.4, 135.5, 143.0, 144.1, 144.1, 156.3, 
158.4; IR (ATR) ν 1609, 1510, 1456, 1334, 1249, 1159, 1033, 819, 730, 668 cm-1; HRMS (ESI+) calcd 
for C38H40N2NaO6S2 707.2220 (M+Na+) found 707.2215. 
 
White solid; melting point 98-99 °C ;  
Rf 0.55 (n-hexane/EtOAc = 1.5/1); 
condition A : 90% yield (reaction time : 2.5 h); 
condition C : 85% yield (reaction time : 2.5 h); 
 
1H NMR (400 MHz, CDCl3)  1.27 (s, 9H), 1.59-1.65 (m, 2H), 1.84-1.92 (m, 3H), 2.17-2.23 (m, 1H), 
2.39 (s, 3H), 2.44 (s, 3H), 2.83-2.91 (m, 1H), 3.29-3.32 (m, 2H), 3.35 (t, 1H, J = 8.4 Hz), 3.45 (dd, 1H, 
J = 15.2, 10.8 Hz), 3.70 (dd, 1H, J = 15.2, 3.2 Hz), 3.80 (s, 3H), 4.15 (d, 1H, J = 4.4 Hz), 6.83 (d, 2H, J 
= 8.8 Hz), 6.92 (d, 2H, J = 8.8 Hz), 7.09 (d, 1H, J = 8.4 Hz), 7.20 (d, 2H, J = 8.4 Hz), 7.24 (s, 1H), 7.50 
(d, 2H, J = 8.4 Hz), 8.05 (d, 1H, J = 8.4 Hz); 13C NMR (100 MHz, CDCl3)  21.3, 21.5, 25.9, 27.3, 27.7 
(×3), 27.7, 40.6, 47.8, 48.1, 51.1, 55.3, 57.4, 83.1, 113.8 (×2), 115.6, 118.5, 124.8, 125.8, 127.0 (×2), 
127.9 (×2), 129.0, 129.5 (×2), 132.1, 135.7, 135.7, 138.7, 141.4, 142.9, 149.4, 158.2; IR (ATR) ν 1726, 
1510, 1456, 1360, 1245, 1157, 1034, 908, 809, 727 cm-1; HRMS (ESI+) calcd for C36H42N2NaO5S 
637.2707 (M+Na+) found 637.2693. 
 
White solid; melting point 45-46 °C ;  
Rf 0.50 (n-hexane/EtOAc = 2/1); 
condition A : 87% yield (reaction time : 1.5 h); 
condition C : 80% yield (reaction time : 2 h); 
 
1H NMR (400 MHz, CDCl3)  1.27 (s, 9H), 1.61-1.66 (m, 2H), 1.81-1.92 (m, 3H), 2.12-2.17 (m, 1H), 
2.39 (s, 3H), 2.90 (br-d, 1H, J = 5.2 Hz), 3.27-3.31 (m, 2H), 3.36 (t, 1H, J = 8.4 Hz), 3.45 (dd, 1H, J = 
14.8, 10.8 Hz), 3.66 (dd, 1H, J = 14.8, 2.8 Hz), 3.80 (s, 3H), 4.18 (d, 1H, J = 4.4 Hz), 6.85 (d, 2H, J = 
107 
 
8.4 Hz), 6.93 (d, 2H, J = 8.4 Hz), 6.98 (td, 1H, J = 8.8, 2.4 Hz), 7.10 (dd, 1H, J = 8.8, 2.4 Hz), 7.21 (d, 
2H, J = 8.0 Hz), 7.50 (d, 2H, J = 8.0 Hz), 8.15 (dd, 1H, J = 8.8, 4.4 Hz); 13C NMR (100 MHz, CDCl3)  
21.5, 25.8, 27.2, 27.6 (×3), 27.8, 40.5, 47.9, 47.9, 51.1, 55.3, 57.4, 83.6, 104.2 (d, J = 23.8 Hz), 110.9 (d, 
J = 24.8 Hz), 113.9 (×2), 116.8 (d, J = 8.6 Hz), 126.4 (d, J = 9.5 Hz), 127.1 (×2), 127.9 (×2), 128.9 (d, J 
= 3.8 Hz), 129.6 (×2), 135.4, 135.6, 136.8, 143.0, 143.1, 149.2, 158.3, 159.1 (d, J = 237.4 Hz); IR (ATR) 
ν 1728, 1510, 1454, 1362, 1246, 1156, 1103, 1034, 925, 810, 732 cm-1; HRMS (ESI+) calcd for 
C35H39FN2NaO5S 641.2456 (M+Na+) found 641.2471. 
 
 
White solid; melting point 85-86 °C;  
Rf 0.51 (n-hexane/EtOAc = 1.5/1); 
condition A : 51% yield (reaction time : 24 h); 
 
1H NMR (400 MHz, CDCl3)  1.57-1.62 (m, 2H), 1.80-1.86 (m, 3H), 2.19-2.27 (m, 1H), 2.29 (s, 3H), 
2.41 (s, 3H), 3.09-3.13 (m, 1H), 3.15-3.22 (m, 1H), 3.30-3.37 (m, 2H), 3.50 (dd, 1H, J = 14.8, 3.6 Hz), 
3.53 (t, 1H, J = 8.0 Hz), 4.26 (d, 1H, J = 4.0 Hz), 6.99 (d, 2H, J = 8.8 Hz), 7.04 (d, 2H, J = 7.6 Hz), 7.16 
(d, 2H, J = 8.8 Hz), 7.21-7.30 (m, 7H), 7.46 (d, 1H, J = 7.2 Hz), 7.49 (d, 2H, J = 8.0 Hz), 8.00 (d, 1H, J 
= 8.0 Hz); 13C NMR (100 MHz, CDCl3)  21.5, 21.5, 25.3, 27.3, 27.5, 40.7, 48.1, 48.7, 51.8, 57.3, 99.9, 
114.8, 119.2, 123.2, 123.9, 126.2, 126.7 (×2), 127.1 (×2), 127.8 (×2), 128.6 (×2), 129.4 (×2), 129.6 (×2), 
129.9, 135.4, 135.5, 140.4, 142.5, 143.0, 143.1, 144.3; IR (ATR) ν 2924, 1446, 1367, 1335, 1156, 1089, 
813, 735, 701, 666 cm-1; HRMS (ESI+) calcd for C36H36N2NaO4S2 647.2009 (M+Na+) found 647.1979. 
 
White solid; melting point >200 °C;  
Rf 0.37 (n-hexane/EtOAc = 1.5/1); 
condition A : 85% yield (reaction time : 2 h); 
condition B : 81% yield (reaction time : 8 h); 
 
1H NMR (400 MHz, CDCl3)  2.37 (s, 3H), 3.16 (s, 3H), 3.19-3.24 (m, 1H), 3.59 (dd, 1H, J = 12.8, 3.2 
Hz), 4.30 (dd, 1H, J = 12.8, 3.2 Hz), 4.37 (d, 1H, J = 8.0 Hz), 4.95 (d, 1H, J = 8.0 Hz), 5.90 (s, 1H), 
5.92 (s, 1H), 6.15 (d, 1H, J = 1.2 Hz), 6.63 (dd, 1H, J = 8.4, 1.2 Hz), 6.69 (d, 1H, J = 8.0 Hz), 6.79 (d, 
1H, J = 8.0 Hz), 7.06 (t, 1H, J = 7.6 Hz), 7.16 (t, 1H, J = 7.6 Hz), 7.17 (d, 2H, J = 8.4 Hz), 7.18-7.24 (m, 
2H), 7.54 (d, 2H, J = 8.4 Hz), 7.54 (d, 1H, J = 8.0 Hz), 8.07 (d, 1H, J = 8.0 Hz), 8.24 (d, 1H, J = 7.6 
Hz); 13C NMR (100 MHz, CDCl3) 21.6, 39.9, 42.4, 45.4, 46.5, 55.7, 100.9, 107.4, 108.3, 117.3, 119.4, 
119.8, 121.2, 124.6, 124.8, 124.8, 126.6 (×2), 127.3, 127.9, 128.5, 129.4 (×2), 131.6, 132.8, 133.6, 
135.7, 137.3, 142.9, 145.2, 145.3, 146.6, 147.9; IR (ATR) ν 1489, 1359, 1339, 1239, 1155, 1034, 803, 
763, 733, 669 cm-1; HRMS (ESI+) calcd for C33H28N2NaO6S2 635.1281 (M+Na+) found 635.1291. 
 
2. Substrate Syntheses and Compound Characterizations 
108 
 
(2-1) Preparation of Compound 41a 
 
S-15 was prepared according to the literature procedure1. 
To a stirred solution of 292 (1.09 g, 4.0 mmol) in DMF (12 mL) at 0 °C was added NaH (60% in oil, 
176 mg, 4.4 mmol). After being stirred for 1 h at 0 °C, S-15 (4.8 mmol) in DMF (5 mL) and TBAI (148 
mg, 0.4 mmol) were added to the reaction mixture at the same temperature. After being stirred for 
24 h at room temperature, the reaction mixture was quenched with H2O at 0 °C, and extracted 
twice with Et2O. The combined organic layers were washed with brine, dried over Na2SO4, filtered, 
and concentrated in vacuo. The residue was purified by silica gel column chromatography 
(n-hexane/EtOAc = 2/1) to give the desired product 39 (1.48 g, 89% in 2 steps) as a yellow oil: Rf 0.21 
(n-hexane/EtOAc = 2/1); 1H NMR (400 MHz, CDCl3)  2.42 (s, 3H), 3.11 (s, 3H), 3.63 (s, 3H), 3.79 (s, 
3H), 4.05 (d, 2H, J = 7.2 Hz), 4.27 (s, 2H), 5.92 (dt, 1H, J = 15.6, 7.2 Hz), 6.40 (d, 1H, J = 15.6 Hz), 
6.83 (d, 2H, J = 8.8 Hz), 7.23 (d, 2H, J = 8.8 Hz), 7.29 (d, 2H, J = 8.0 Hz), 7.81 (d, 2H, J = 8.0 Hz); 13C 
NMR (100 MHz, CDCl3)  21.5, 32.3, 45.7, 50.2, 55.2, 61.4, 113.9 (×2), 121.4, 127.6 (×2), 127.7 (×2), 
128.9, 129.4 (×2), 134.1, 137.2, 143.2, 159.4, 169.2; IR (ATR) ν 1679, 1606, 1510, 1336, 1250, 1155, 
1092, 812, 742, 658 cm-1; HRMS (ESI+) calcd for C21H26N2NaO5S 441.1455 (M+Na+) found 441.1454. 
 
 
To a stirred suspension of LiAlH4 (102 mg, 2.7 mmol) in THF (10 mL) at 0 °C was added dropwise 39 
(1.03 g, 2.5 mmol) in THF (10 mL). After being stirred for 15 min at 0 °C, the reaction mixture was 
quenched with aqueous 2 M potassium sodium tartrate at the same temperature. The solution was 
warmed to room temperature and stirred until the organic and aqueous layers were separated. The 
aqueous layer was extracted twice with EtOAc and the combined organic layers were dried over 
Na2SO4, filtered, and concentrated in vacuo. The residue was passed through a short pad of silica 
gel. After concentration in vacuo, the obtained aldehyde was utilized for the next reaction without 
further purification.  
To a stirred solution of 3-iodo-indole derivative S-2a3-5 (1.68 g, 4.9 mmol) in THF (10 mL) at 0 °C 
was added i-PrMgCl (2.5 mL, 2 M in THF, 4.9 mmol). After being stirred for 15 min, the reaction 
mixture was added aldehyde (2.5 mmol) in THF (10 mL) at 0 °C. After being stirred for 15 min at 
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the same temperature, the reaction mixture was quenched with saturated aqueous NH4Cl, and 
extracted twice with EtOAc. The combined organic layers were washed with brine, dried over 
Na2SO4, filtered, and concentrated in vacuo. The residue was purified by silica gel column 
chromatography (n-hexane/EtOAc = 4/1) to give the desired product 40a (783 mg, 55% in 2 steps) as 
white solids: melting point 73 °C; Rf 0.43 (n-hexane/EtOAc = 2/1); 1H NMR (400 MHz, CDCl3)  1.65 
(s, 9H), 2.41 (s, 3H), 3.21 (br-d, 1H, J = 2.4 Hz), 3.41 (dd, 1H, J = 14.8, 3.2 Hz), 3.50 (dd, 1H, J = 14.8, 
8.8 Hz), 3.80 (s, 3H), 3.92 (dd, 1H, J = 15.2, 7.2 Hz), 4.13 (dd, 1H, J = 15.2, 6.4 Hz), 5.23-5.25 (m, 1H), 
5.83 (ddd, 1H, J = 16.0, 7.2, 6.4 Hz), 6.34 (d, 1H, J = 16.0 Hz), 6.83 (d, 2H, J = 8.8 Hz), 7.05 (t, 1H, J 
= 7.6 Hz), 7.18 (d, 2H, J = 8.8 Hz), 7.26 (t, 1H, J = 7.6 Hz), 7.29 (d, 2H, J = 8.4 Hz), 7.48 (d, 1H, J = 
7.6 Hz), 7.60 (s, 1H), 7.74 (d, 2H, J = 8.4 Hz), 8.13 (d, 1H, J = 7.6 Hz); 13C NMR (100 MHz, CDCl3)  
21.5, 28.2 (×3), 52.6, 53.7, 55.3, 67.4, 83.7, 114.0 (×2), 115.4, 119.4, 120.9, 121.1, 122.6, 123.2, 124.5, 
127.4 (×2), 127.7 (×2), 128.0, 128.6, 129.8 (×2), 134.3, 135.8, 136.1, 143.7, 149.5, 159.6; IR (ATR) ν 
1732, 1606, 1511, 1452, 1369, 1251, 1154, 1090, 814, 742 cm-1; HRMS (ESI+) calcd for 
C32H36N2NaO6S 599.2186 (M+Na+) found 599.2162.  
 
(2-2) Preparation of Compounds 40b, 40c and 40d 
 
S-16 was prepared according to the literature procedure1,6. 
General Procedure: To a stirred solution of S-177 (797 mg, 4.0 mmol) in DMF (12 mL) at 0 °C was 
added NaH (60% in oil, 176 mg, 4.4 mmol). After being stirred for 1 h at 0 °C, allyl chloride S-16 (5.2 
mmol) in DMF (5 mL) and TBAI (148 mg, 0.4 mmol) were added to the reaction mixture at the same 
temperature. After being stirred for required time at room temperature, the reaction mixture was 
quenched with H2O at 0 °C, and extracted twice with Et2O. The combined organic layers were 
washed with brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue was purified 
by silica gel column chromatography to give the desired products S-18. 
 
White solid; melting point 123 °C;  
Rf 0.17 (n-hexane/EtOAc = 1/1); 
70% yield (2 steps); 
 
1H NMR (400 MHz, CDCl3)  2.99 (s, 3H), 3.76 (s, 3H), 4.45 (br-s, 2H), 6.03 (dt, 1H, J = 15.6, 6.8 Hz), 
6.36 (d, 1H, J = 15.6 Hz), 6.79 (d, 2H, J = 8.4 Hz)), 7.19 (d, 2H, J = 8.4 Hz), 7.43 (d, 1H, J = 8.0 Hz), 
7.47 (t, 1H, J = 8.0 Hz), 7.66 (t, 1H, J = 8.0 Hz), 7.95 (d, 1H, J = 8.0 Hz), 10.38 (s, 1H); 13C NMR (100 
MHz, CDCl3)  38.1, 54.2, 55.1, 113.9 (×2), 119.9, 127.7 (×2), 128.3, 128.6, 128.9, 129.4, 134.7, 135.0, 
135.3, 140.9, 159.5, 190.0; IR (ATR) ν 1692, 1597, 1511, 1338, 1249, 1151, 1032, 961, 774 cm-1; 
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HRMS (ESI+) calcd for C18H19NNaO4S 368.0927 (M+Na+) found 368.0926. 
 
White solid; melting point 136 °C;  
Rf 0.26 (n-hexane/EtOAc = 1/1); 
67% yield (2 steps); 
 
1H NMR (400 MHz, CDCl3)  3.00 (s, 3H), 4.44 (br-s, 2H), 5.93 (s, 2H), 6.00 (dt, 1H, J = 16.0, 6.8 Hz), 
6.32 (d, 1H, J = 16.0 Hz), 6.68 (d, 1H, J = 8.0 Hz), 6.70 (d, 1H, J = 8.0 Hz), 6.79 (s, 1H), 7.42 (d, 1H, J 
= 8.0 Hz), 7.50 (t, 1H, J = 8.0 Hz), 7.67 (t, 1H, J = 8.0 Hz), 7.97 (d, 1H, J = 8.0 Hz), 10.36 (s, 1H); 13C 
NMR (100 MHz, CDCl3)  38.4, 54.3, 101.2, 105.7, 108.2, 120.5, 121.4, 129.0, 129.0, 129.9, 130.1, 
134.7, 135.2, 135.4, 140.8, 147.7, 148.0, 190.0; IR (ATR) ν 1689, 1489, 1445, 1335, 1250, 1149, 1036, 
958, 771, 733 cm-1; HRMS (ESI+) calcd for C18H17NNaO5S 382.0720 (M+Na+) found 382.0723. 
 
 
To a stirred solution of S-198 (308 mg, 1.1 mmol) and pyridine (0.12 mL, 1.47 mmol) in CH2Cl2 (3.8 
mL) at 0 °C was added SOCl2 (0.11 mL, 1.47 mmol). After being stirred for 40 min at 0 °C, the 
reaction mixture was quenched with H2O at 0 °C, and extracted twice with CH2Cl2. The combined 
organic layers were washed with saturated aqueous NaHCO3 and brine, dried over Na2SO4, filtered, 
and concentrated in vacuo. The obtained allyl chloride was utilized for the next reaction without 
further purification. 
S-18c was synthesized according to the general procedure. 
 
Yellow oil; 
Rf 0.37 (n-hexane/EtOAc = 1/1); 
22% yield (2 steps); 
 
1H NMR (400 MHz, CDCl3)  1.65 (s, 9H), 3.01 (s, 3H), 4.50 (br-s, 2H), 6.26 (dt, 1H, J = 15.6, 7.2 Hz), 
6.52 (d, 1H, J = 15.6 Hz), 7.24 (t, 1H, J = 7.2 Hz), 7.32 (t, 1H, J = 7.6 Hz), 7.45 (d, 1H, J = 7.6 Hz), 
7.49 (t, 1H, J = 7.6 Hz), 7.53 (s, 1H), 7.58 (d, 1H, J = 7.6 Hz), 7.66 (t, 1H, J = 7.6 Hz), 7.96 (d, 1H, J = 
7.6 Hz), 8.13 (d, 1H, J = 7.6 Hz), 10.40 (s, 1H); 13C NMR (100 MHz, CDCl3)  28.0 (×3), 38.3, 54.8, 
84.0, 115.3, 117.2, 119.6, 122.5, 123.0, 124.6, 124.7, 127.0, 128.2, 129.0, 129.0, 129.9, 134.7, 135.4, 
135.7, 140.8, 149.3, 190.0; IR (ATR) ν 1733, 1695, 1453, 1371, 1340, 1252, 1153, 1103, 768 cm-1; 
HRMS (ESI+) calcd for C24H26N2NaO5S 477.1455 (M+Na+) found 477.1454. 
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General Procedure: To a stirred solution of 3-iodo-indole derivative S-2a (396 mg, 1.2 mmol) in THF 
(7 mL) at 0 °C was added i-PrMgCl (0.58 mL, 2 M in THF, 1.2 mmol). After being stirred for 15 min, 
the reaction mixture was added aldehyde S-18 (0.58 mmol) in THF (5 mL) at 0 °C. After being 
stirred for 15 min at the same temperature, the reaction mixture was quenched with saturated 
aqueous NH4Cl, and extracted twice with EtOAc. The combined organic layers were washed with 
brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue was purified by silica gel 
column chromatography to give the desired products 40. 
 
 
White solid; melting point 93 °C; 
Rf 0.22 (n-hexane/EtOAc = 1.5/1); 
78% yield; 
 
1H NMR (400 MHz, CDCl3)  1.63 (s, 9H), 3.06 (s, 3H), 3.76 (s, 3H), 4.03 (br-s, 1H), 4.29 (dd, 1H, J = 
14.0, 9.2 Hz), 4.61 (dd, 1H, J = 14.0, 5.6 Hz), 6.07 (ddd, 1H, J = 13.6, 9.2, 5.6 Hz), 6.41 (d, 1H, J = 
13.6 Hz), 6.51 (s, 1H), 6.60 (br-s, 1H), 6.70 (d, 2H, J = 8.4 Hz), 6.97 (br-s, 1H), 7.07 (d, 2H, J = 8.4 Hz), 
7.14 (t, 1H, J = 7.6 Hz), 7.25-7.47 (m, 4H), 7.60 (s, 1H), 8.08 (d, 1H, J = 8.4 Hz); 13C NMR (100 MHz, 
CDCl3)  28.1 (×3), 37.2, 55.0, 55.2, 64.7, 83.4, 113.9 (×2), 114.1, 115.0, 119.9, 120.2, 122.0, 122.3, 
124.0, 124.2, 127.0, 127.8 (×2), 128.2, 129.3, 129.6, 130.4, 135.2, 135.8, 137.2, 143.8, 149.6, 159.6; IR 
(ATR) ν 1730, 1607, 1511, 1451, 1331, 1252, 1150, 1086, 1031, 766 cm-1; HRMS (ESI+) calcd for 
C31H34N2NaO6S 585.2030 (M+Na+) found 585.2042. 
 
 
White solid; melting point 82 °C;  
Rf 0.42 (n-hexane/EtOAc = 1/1); 
78% yield; 
 
1H NMR (400 MHz, CDCl3)  1.64 (s, 9H), 3.06 (s, 3H), 3.98 (br-s, 1H), 4.28 (dd, 1H, J = 14.0, 8.8 Hz), 
4.57 (dd, 1H, J = 14.0, 5.2 Hz), 5.88-5.92 (m, 2H), 6.04 (ddd, 1H, J = 16.4, 8.8, 5.2 Hz), 6.36 (d, 1H, J 
= 16.4 Hz), 6.49 (s, 1H), 6.57-6.62 (m, 2H), 6.64 (s, 1H), 6.69 (t, 1H, J = 7.2 Hz), 6.98 (br-s, 1H), 7.16 
(t, 1H, J = 8.0 Hz), 7.29-7.42 (m, 3H), 7.47 (d, 1H, J = 7.6 Hz), 7.58 (s, 1H), 8.08 (d, 1H, J = 7.2 Hz); 
13C NMR (100 MHz, CDCl3)  28.1 (×3), 37.3, 54.9, 64.7, 83.5, 101.0, 105.7, 108.1, 115.0, 119.9, 120.5, 
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121.5, 122.0, 122.3, 124.0, 124.2, 127.1, 128.5, 129.3, 129.6, 129.9, 130.5, 135.3, 135.8, 137.2, 143.8, 
147.6, 147.9, 149.6; IR (ATR) ν 1731, 1489, 1449, 1333, 1253, 1152, 1087, 1039, 963, 768 cm-1; HRMS 
(ESI+) calcd for C31H32N2NaO7S 599.1822 (M+Na+) found 599.1827. 
 
 
Yellow solid; melting point 106 °C;  
Rf 0.35 (n-hexane/EtOAc = 1.5/1); 
72% yield; 
 
1H NMR (400 MHz, 55 °C, CDCl3)  1.60 (s, 9H), 1.63 (s, 9H), 3.08 (s, 3H), 3.84 (s, 1H), 4.41 (dd, 1H, 
J = 14.0, 8.0 Hz), 4.54 (dd, 1H, J = 14.0, 6.0 Hz), 6.28-6.38 (m, 1H), 6.53 (s, 1H), 6.58 (s, 1H), 6.61 (d, 
1H, J = 7.2 Hz), 7.02 (d, 1H, J = 7.2 Hz), 7.08 (t, 2H, J = 7.2 Hz), 7.24 (s, 1H), 7.25-7.40 (m, 3H), 
7.45-7.51 (m, 3H), 7.57 (s, 1H), 8.01 (d, 1H, J = 8.0 Hz), 8.11 (d, 1H, J = 8.4 Hz); 13C NMR (100 MHz, 
CDCl3)  28.1 (×3), 28.1 (×3), 37.5, 55.6, 64.7, 83.4, 84.0, 114.9, 115.3, 117.1, 119.5, 119.8, 119.8, 
121.9, 122.1, 122.4, 123.0, 123.9, 124.2, 124.7, 124.8, 127.2, 127.4, 128.1, 128.4, 129.3, 129.7, 130.5, 
135.7, 137.3, 143.8, 149.2, 149.6; IR (ATR) ν 2979, 1733, 1451, 1370, 1335, 1254, 1152, 1086, 962, 
746 cm-1; HRMS (ESI+) calcd for C37H41N3NaO7S 694.2557 (M+Na+) found 694.2557. 
 
(2-3) Preparation of Compound 40e 
 
To a stirred suspension of salicylaldehyde (0.14 mL, 1.3 mmol) and K2CO3 (207 mg, 1.5 mmol) in 
DMF (2 mL) at room temperature was added S-15 (1.0 mmol) in DMF (1 mL). After being stirred for 
19 h at the same temperature, the reaction mixture was quenched with H2O at 0 °C, and extracted 
3 times with Et2O. The combined organic layers were washed with brine, dried over Na2SO4, 
filtered, and concentrated in vacuo. The residue was purified by silica gel column chromatography 
(n-hexane/EtOAc = 5/1) to give the desired product S-20 (180 mg, 67% in 2 steps) as white solids: Rf 
0.32 (n-hexane/EtOAc = 3/1); 1H NMR (400 MHz, CDCl3)  3.76 (s, 3H), 4.72 (d, 2H, J = 6.0 Hz), 6.25 
(dt, 1H, J = 16.0, 6.0 Hz), 6.67 (d, 1H, J = 16.0 Hz), 6.85 (d, 2H, J = 8.4 Hz), 6.99 (t, 1H, J = 7.2 Hz), 
6.99 (d, 1H, J = 7.2 Hz), 7.33 (d, 2H, J = 8.4 Hz), 7.50 (td, 1H, J = 7.2, 1.6 Hz), 7.83 (dd, 1H, J = 7.2, 
1.6 Hz), 10.55 (s, 1H); 13C NMR (100 MHz, CDCl3)  55.1, 69.1, 112.8, 113.9 (×2), 120.6, 120.8, 124.9, 
127.7 (×2), 128.2, 128.6, 133.1, 135.7, 159.4, 160.9, 189.6; IR (ATR) ν 1685, 1598, 1511, 1456, 1285, 
1246, 1175, 968, 839, 758 cm-1; HRMS (ESI+) calcd for C17H16NaO3 291.0992 (M+Na+) found 
291.1000. 
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To a stirred solution of 3-iodo-indole derivative S-2e (397 mg, 1.0 mmol) in THF (5 mL) at 0 °C was 
added i-PrMgCl (0.5 mL, 2 M in THF, 1.0 mmol). After being stirred for 15 min, the reaction 
mixture was treated with aldehyde S-20 (126 mg, 0.50 mmol) in THF (5 mL) at 0 °C. After being 
stirred for 10 min at the same temperature, the reaction mixture was quenched with saturated 
aqueous NH4Cl, and extracted twice with EtOAc. The combined organic layers were washed with 
brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue was purified by silica gel 
column chromatography (n-hexane/EtOAc = 3/1) to give the desired product 40e (195 mg, 72%) as 
white solids: melting point 117-118 °C; Rf 0.37 (n-hexane/EtOAc = 1.5/1); 1H NMR (400 MHz, 
CDCl3)  2.19 (s, 3H), 3.26 (d, 1H, J = 6.0 Hz), 3.75 (s, 3H), 4.63 (d, 2H, J = 6.0 Hz), 6.04 (dt, 1H, J = 
15.6, 6.0 Hz), 6.25 (d, 1H, J = 6.0 Hz), 6.42 (d, 1H, J = 15.6 Hz), 6.78 (d, 2H, J = 8.4 Hz), 6.90 (d, 1H, 
J = 7.6 Hz), 6.94 (d, 1H, J = 7.6 Hz), 7.05 (d, 1H, J = 8.0 Hz), 7.05 (d, 1H, J = 8.0 Hz), 7.10 (d, 2H, J = 
8.4 Hz), 7.13 (t, 1H, J = 7.6 Hz), 7.22-7.29 (m, 3H), 7.41 (s, 1H), 7.52 (d, 1H, J = 8.4 Hz), 7.67 (d, 2H, 
J = 8.4 Hz), 7.96 (d, 1H, J = 7.6 Hz); 13C NMR (100 MHz, CDCl3)  21.4, 55.2, 66.7, 68.8, 112.1, 113.6, 
113.8 (×2), 120.8, 121.0, 121.2, 123.1, 123.8, 124.5, 125.1, 126.6 (×2), 127.7 (×2), 127.9, 128.7, 129.1, 
129.4, 129.7 (×2), 130.3, 132.6, 135.0, 135.4, 144.7, 1558, 159.4; IR (ATR) ν 1604, 1510, 1447, 1367, 
1245, 1173, 1119, 968, 748, 682 cm-1; HRMS (ESI+) calcd for C32H29NNaO5S 562.1659 (M+Na+) 
found 562.1631.  
 
(2-4) Preparation of Compound 40f 
 
To a stirred solution of S-219 (814 mg, 3.0 mmol) in DMF (10 mL) at 0 °C was added NaH (60% in oil, 
156 mg, 3.9 mmol). After being stirred for 1 h at 0 °C, S-15 (4.5 mmol) in DMF (5 mL) and TBAI (111 
mg, 0.3 mmol) were added to the reaction mixture at the same temperature. After being stirred for 2 
h at 0 °C, the reaction mixture was quenched with H2O at 0 °C, and extracted 3 times with Et2O. 
The combined organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated 
in vacuo. The residue was purified by silica gel column chromatography (n-hexane/EtOAc = 3/1) to 
give the desired product S-22 (555 mg, 67% in 2 steps) as white solids: melting point 43-44 °C; Rf 
0.44 (n-hexane/EtOAc = 1.5/1); 1H NMR (400 MHz, CDCl3)  1.88 (tt, 2H, J = 6.8, 6.8 Hz), 2.37 (t, 2H, 
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J = 6.8 Hz), 2.42 (s, 3H), 3.19 (t, 2H, J = 6.8 Hz), 3.60 (s, 3H), 3.79 (s, 3H), 3.92 (d, 2H, J = 6.8 Hz), 
5.78 (dt, 1H, J = 16.0, 6.8 Hz), 6.39 (d, 1H, J = 16.0 Hz), 6.82 (d, 2H, J = 8.8 Hz), 7.18 (d, 2H, J = 8.8 
Hz), 7.30 (d, 2H, J = 8.4 Hz), 7.71 (d, 2H, J = 8.4 Hz); 13C NMR (100 MHz, CDCl3)  21.4, 23.2, 30.4, 
46.1, 50.1, 51.2, 54.9, 113.6 (×2), 121.1, 126.9 (×2), 127.3 (×2), 128.5, 129.4 (×2), 133.2, 136.6, 143.0, 
159.1, 173.1; IR (ATR) ν 1733, 1606, 1510, 1438, 1335, 1248, 1155, 1031, 910, 814, 728 cm-1; HRMS 
(ESI+) calcd for C22H27NNaO5S 440.1502 (M+Na+) found 440.1486. 
 
 
To a stirred solution of S-22 (342 mg, 0.82 mmol) in toluene (4.0 mL) at -78 oC was added dropwise 
DIBAL (0.9 mL, 1.0 M in n-hexane). After being stirred for 20 min at -78 oC, the reaction mixture 
was quenched with aqueous 2 M potassium sodium tartrate at the same temperature. The solution 
was warmed to room temperature and stirred until the organic and aqueous layers were separated. 
The aqueous layer was extracted twice with EtOAc and the combined organic layers were washed 
with brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue was purified by 
silica gel column chromatography (n-hexane/EtOAc = 2.5/1) to give the desired product S-23 (249 
mg, 78%) as a colorless oil: Rf 0.21 (n-hexane/EtOAc = 2/1); 1H NMR (400 MHz, CDCl3)  1.87 (tt, 2H, 
J = 6.8, 6.8 Hz), 2.42 (s, 3H), 2.55 (t, 2H, J = 6.8 Hz), 3.17 (t, 2H, J = 6.8 Hz), 3.79 (s, 3H), 3.91 (d, 2H, 
J = 7.2 Hz), 5.77 (dt, 1H, J = 16.0, 7.2 Hz), 6.39 (d, 1H, J = 16.0 Hz), 6.82 (d, 2H, J = 8.8 Hz), 7.18 (d, 
2H, J = 8.8 Hz), 7.30 (d, 2H, J = 8.0 Hz), 7.70 (d, 2H, J = 8.0 Hz), 9.75 (s, 1H); 13C NMR (100 MHz, 
CDCl3)  20.5, 21.3, 40.4, 46.2, 50.3, 55.1, 113.8 (×2), 121.2, 127.0 (×2), 129.5 (×2), 128.6, 129.6 (×2), 
133.4, 136.6, 143.2, 159.3, 201.4; IR (ATR) ν 1719, 1606, 1510, 1335, 1249, 1156, 1089, 1031, 971, 
815, 731 cm-1; HRMS (ESI+) calcd for C21H25NNaO4S 410.1397 (M+Na+) found 410.1407. 
 
 
To a stirred solution of 3-iodo-indole derivative S-2a (440 mg, 1.28 mmol) in THF (8 mL) at 0 °C was 
added i-PrMgCl (0.64 mL, 2 M in THF, 1.28 mmol). After being stirred for 15 min, the reaction 
mixture was added aldehyde S-23 (249 mg, 0.64 mmol) in THF (4 mL) at 0 °C. After being stirred for 
10 min at the same temperature, the reaction mixture was quenched with saturated aqueous 
NH4Cl, and extracted twice with EtOAc. The combined organic layers were washed with brine, 
dried over Na2SO4, filtered, and concentrated in vacuo. The residue was purified by silica gel 
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column chromatography (n-hexane/EtOAc = 3/1) to give the desired product 40f (315 mg, 81%) as 
white solids: melting point 49-52 °C; Rf 0.24 (n-hexane/EtOAc = 2/1); 1H NMR (400 MHz, CDCl3)  
1.64 (s, 9H), 1.65-1.76 (m, 2H), 1.88-1.92 (m, 2H), 2.12 (br-s, 1H), 2.38 (s, 3H), 3.21 (br-t, 2H, J = 6.4 
Hz), 3.78 (s, 3H), 3.89 (d, 2H, J = 6.4 Hz), 4.93 (br-t, 1H, J = 6.0 Hz), 5.75 (dt, 1H, J = 15.6, 6.4 Hz), 
6.31 (d, 1H, J = 15.6 Hz), 6.79 (d, 2H, J = 8.4 Hz), 7.12 (d, 2H, J = 8.4 Hz), 7.19 (t, 1H, J = 7.6 Hz), 
7.23 (d, 2H, J = 8.0 Hz), 7.31 (t, 1H, J = 7.6 Hz), 7.49 (s, 1H), 7.60 (d, 1H, J = 7.6 Hz), 7.67 (d, 2H, J = 
8.0 Hz), 8.14 (d, 1H, J = 7.6 Hz); 13C NMR (100 MHz, CDCl3)  21.4, 24.5, 28.1 (×3), 33.8, 46.9, 50.0, 
55.2, 67.5, 83.7, 113.9 (×2), 115.3, 119.8, 121.7, 122.3, 122.5, 123.8, 124.4, 127.1 (×2), 127.5 (×2), 
128.4, 128.8, 129.6 (×2), 133.2, 135.8, 137.0, 143.1, 149.6, 159.3; IR (ATR) ν 1731, 1606, 1511, 1452, 
1372, 1250, 1156, 1081, 1031, 750 cm-1; HRMS (ESI+) calcd for C34H40N2NaO6S 627.2499 (M+Na+) 
found 627.2488.  
 
(2-5) Preparation of Compounds 40g, 40h, 40i, 40j, 40k, 40l, 40m and 40n 
 
To a stirred solution of S-2410 (431 mg, 1.5 mmol) in DMF (4 mL) at 0 °C was added NaH (60% in oil, 
66 mg, 1.7 mmol). After being stirred for 1 h at 0 °C, S-15 (2.3 mmol) in DMF (2.6 mL) and TBAI (56 
mg, 0.15 mmol) were added to the reaction mixture at the same temperature. After being stirred for 
5.5 h at 0 °C, the reaction mixture was quenched with H2O at 0 °C, and extracted 3 times with Et2O. 
The combined organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated 
in vacuo. The residue was purified by silica gel column chromatography (n-hexane/EtOAc = 2.5/1) to 
give the desired product S-25 (636 mg, 98% in 2 steps) as a colorless oil: Rf 0.27 (n-hexane/EtOAc = 
2/1); 1H NMR (400 MHz, CDCl3) 1.57-1.62 (m, 4H), 2.29 (t, 2H, J = 6.4 Hz), 2.42 (s, 3H), 3.15 (t, 2H, 
J = 6.0 Hz), 3.62 (s, 3H), 3.79 (s, 3H), 3.92 (d, 2H, J = 6.8 Hz), 5.79 (dt, 1H, J = 16.0, 6.8 Hz), 6.38 (d, 
1H, J = 16.0 Hz), 6.82 (d, 2H, J = 8.8 Hz), 7.18 (d, 2H, J = 8.8 Hz), 7.29 (d, 2H, J = 8.8 Hz), 7.71 (d, 
2H, J = 8.8 Hz); 13C NMR (100 MHz, CDCl3) 21.4, 21.8, 27.6, 33.3, 46.7, 50.1, 51.4, 55.2, 113.9 (×2), 
121.7, 127.1 (×2), 127.5 (×2), 128.8, 129.6 (×2), 133.1, 137.0, 143.1, 159.3, 173.6; IR (ATR) ν 2951, 
1735, 1607, 1511, 1337, 1250, 1158, 1033, 816 cm-1; HRMS (ESI+) calcd for C23H29NNaO5S 454.1659 
(M+Na+) found 454.1658. 
 
 
To a stirred solution of S-25 (417 mg, 0.97 mmol) in toluene (4.0 mL) at -78 oC was added dropwise 
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DIBAL (1.1 mL, 1.0 M in n-hexane). After being stirred for 15 min at -78 oC, the reaction mixture 
was quenched with aqueous 2 M potassium sodium tartrate at the same temperature. The solution 
was warmed to room temperature and stirred until the organic and aqueous layers were separated. 
The aqueous layer was extracted twice with EtOAc and the combined organic layers were washed 
with brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue was purified by 
silica gel column chromatography (n-hexane/EtOAc = 2.5/1) to give the desired product S-26 (351 
mg, 90%) as a colorless oil: Rf 0.38 (n-hexane/EtOAc = 1.5/1); 1H NMR (400 MHz, CDCl3)  1.56-1.65 
(m, 4H), 2.41 (t, 2H, J = 6.8 Hz), 2.41 (s, 3H), 3.15 (t, 2H, J = 6.8 Hz), 3.78 (s, 3H), 3.91 (d, 2H, J = 6.8 
Hz), 5.79 (dt, 1H, J = 16.0, 6.8 Hz), 6.38 (d, 1H, J = 16.0 Hz), 6.82 (d, 2H, J = 8.8 Hz), 7.18 (d, 2H, J = 
8.8 Hz), 7.29 (d, 2H, J = 8.0 Hz), 7.71 (d, 2H, J = 8.0 Hz), 9.69 (s, 1H); 13C NMR (100 MHz, CDCl3)  
18.8, 21.3, 27.5, 43.0, 46.6, 50.1, 55.1, 113.8 (×2), 121.5, 127.0 (×2), 127.4 (×2), 128.7, 129.5 (×2), 
133.1, 136.8, 143.1, 159.3, 201.9; IR (ATR) ν 1720, 1606, 1510, 1335, 1250, 1156, 1090, 1033, 815, 
735 cm-1; HRMS (ESI+) calcd for C22H27NNaO4S 424.1553 (M+Na+) found 424.1550. 
 
 
To a stirred solution of 3-iodo-indole derivative S-2 (0.68 mmol) in THF (4 mL) at 0 °C was added 
i-PrMgCl (0.34 mL, 2 M in THF, 0.68 mmol). After being stirred for 15 min, the reaction mixture 
was added aldehyde S-26 (138 mg, 0.34 mmol) in THF (3 mL) at 0 °C. After being stirred for 
required time at the same temperature, the reaction mixture was quenched with saturated aqueous 
NH4Cl, and extracted twice with EtOAc. The combined organic layers were washed with brine, 
dried over Na2SO4, filtered, and concentrated in vacuo. The residue was purified by silica gel 
column chromatography to give the desired products 40. 
 
 
White solid; melting point 58 °C;  
Rf 0.24 (n-hexane/EtOAc = 1.5/1); 
85% yield; 
 
 
1H NMR (400 MHz, CDCl3)  1.30-1.45 (m, 2H), 1.46-1.62 (m, 2H), 1.84 (q, 2H, J = 7.2 Hz), 2.06 (br-s, 
1H), 2.30 (s, 3H), 2.40 (s, 3H), 3.12 (t, 2H, J = 7.6 Hz), 3.78 (s, 3H), 3.90 (d, 2H, J = 6.8 Hz), 4.85 (br-t, 
1H, J = 7.6 Hz), 5.79 (dt, 1H, J = 16.0, 6.8 Hz), 6.36 (d, 1H, J = 16.0 Hz), 6.80 (d, 2H, J = 8.4 Hz), 7.16 
(d, 2H, J = 8.4 Hz), 7.19 (d, 2H, J = 8.4 Hz), 7.20 (t, 1H, J = 7.6 Hz), 7.27 (d, 2H, J = 8.4 Hz), 7.30 (t, 
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1H, J = 7.6 Hz), 7.46 (s, 1H), 7.58 (d, 1H, J = 7.6 Hz), 7.68 (d, 2H, J = 8.4 Hz), 7.74 (d, 2H, J = 8.4 Hz), 
7.96 (d, 1H, J = 7.6 Hz); 13C NMR (100 MHz, CDCl3)  21.4, 21.5, 22.7, 28.1, 36.4, 47.1, 50.3, 55.3, 
67.7, 113.7, 114.0 (×2), 120.4, 121.9, 122.6, 123.1, 124.7, 125.9, 126.8 (×2), 127.1 (×2), 127.6 (×2), 
128.8, 128.9, 129.6 (×2), 129.9 (×2), 133.1, 135.1, 135.5, 137.1, 143.1, 144.9, 159.4; IR (ATR) ν 1606, 
1510, 1446, 1365, 1250, 1173, 1121, 1033, 973, 813, 746 cm-1; HRMS (ESI+) calcd for 
C37H40N2NaO6S2 695.2220 (M+Na+) found 695.2248. 
 
 
White solid; melting point 31-32 °C;  
Rf 0.38 (n-hexane/EtOAc = 1.5/1); 
88% yield; 
 
 
1H NMR (400 MHz, CDCl3)  1.32-1.39 (m, 1H), 1.44-1.49 (m, 1H), 1.51-1.61 (m, 2H), 1.65 (s, 9H), 
1.88 (q, 2H, J = 7.2 Hz), 2.12 (br-s, 1H), 2.40 (s, 3H), 3.13 (t, 2H, J = 7.2 Hz), 3.77 (s, 3H), 3.90 (d, 2H, 
J = 6.8 Hz), 4.88 (br-t, 1H, J = 6.0 Hz), 5.78 (dt, 1H, J = 16.0, 6.8 Hz), 6.34 (d, 1H, J = 16.0 Hz), 6.79 
(d, 2H, J = 8.0 Hz), 7.15 (d, 2H, J = 8.0 Hz), 7.20 (t, 1H, J = 7.2 Hz), 7.26 (d, 2H, J = 7.6 Hz), 7.30 (t, 
1H, J = 7.2 Hz), 7.49 (s, 1H), 7.61 (d, 1H, J = 7.2 Hz), 7.68 (d, 2H, J = 7.6 Hz), 8.13 (d, 1H, J = 7.2 
Hz); 13C NMR (100 MHz, CDCl3)  21.4, 22.8, 28.0, 28.1 (×3), 36.6, 47.0, 50.1, 55.2, 67.7, 83.6, 113.9 
(×2), 115.3, 119.7, 121.8, 122.2, 122.4, 124.0, 124.4, 127.1 (×2), 127.5 (×2), 128.5, 128.8, 129.5 (×2), 
133.0, 135.7, 137.1, 143.0, 149.6, 159.3; IR (ATR) ν 1727, 1606, 1510, 1451, 1369, 1249, 1152, 1089, 
736 cm-1; HRMS (ESI+) calcd for C35H42N2NaO6S 641.2656 (M+Na+) found 641.2659. 
 
 
White solid; melting point 49-51 °C;  
Rf 0.18 (n-hexane/EtOAc = 1.5/1); 
95% yield; 
 
 
1H NMR (400 MHz, CDCl3)  1.32-1.39 (m, 1H), 1.41-1.47 (m, 1H), 1.53-1.61 (m, 2H), 1.85 (q, 2H, J = 
6.8 Hz), 2.21 (br-s, 1H), 2.38 (s, 3H), 3.11 (br-t, 2H, J = 6.8 Hz), 3.75 (s, 3H), 3.88 (d, 2H, J = 6.4 Hz), 
4.84 (br-t, 1H, J = 6.0 Hz), 5.39 (s, 2H), 5.76 (dt, 1H, J = 15.6, 6.4 Hz), 6.33 (d, 1H, J = 15.6 Hz), 6.78 
(d, 2H, J = 7.6 Hz), 7.13 (d, 2H, J = 7.6 Hz), 7.19-7.42 (m, 3H), 7.29 (t, 1H, J = 7.6 Hz), 7.35-7.49 (m, 
6H), 7.60 (d, 1H, J = 8.0 Hz), 7.67 (d, 2H, J = 8.0 Hz), 8.16 (d, 1H, J = 7.2 Hz); 13C NMR (100 MHz, 
CDCl3)  21.2, 22.6, 27.9, 36.4, 46.9, 49.9, 55.0, 67.4, 68.4, 113.7 (×2), 115.1, 119.8, 121.7, 121.7, 
122.7, 124.5, 124.9, 126.9 (×2), 127.4 (×2), 128.3 (×2), 128.4, 128.5, 128.5 (×2), 128.7, 129.4 (×2), 
132.9, 134.8, 135.7, 136.9, 142.9, 150.6, 159.2; IR (ATR) ν 1732, 1606, 1510, 1453, 1397, 1336, 1242, 
1154, 1088, 737 cm-1; HRMS (ESI+) calcd for C38H40N2NaO6S 675.2499 (M+Na+) found 675.2503. 
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White amorphous;  
Rf 0.28 (n-hexane/EtOAc = 2/1); 
81% yield; 
 
 
1H NMR (400 MHz, CDCl3)  1.28-1.39 (m, 1H), 1.42-1.49 (m, 1H), 1.50-1.58 (m, 2H), 1.85 (q, 2H, J = 
7.2 Hz), 2.38 (s, 3H), 2.51 (br-s, 1H), 3.11 (br-t, 2H, J = 7.2 Hz), 3.75 (s, 3H), 3.88 (d, 2H, J = 6.8 Hz), 
4.83-4.85 (m, 3H), 5.32 (dd, 1H, J = 10.4, 0.8 Hz), 5.42 (dd, 1H, J = 17.6, 0.8 Hz), 5.76 (dt, 1H, J = 
16.0, 6.8 Hz), 6.02 (ddt, 1H, J = 17.6, 10.4, 5.6 Hz), 6.33 (d, 1H, J = 16.0 Hz), 6.77 (d, 2H, J = 8.8 Hz), 
7.13 (d, 2H, J = 8.8 Hz), 7.19-7.24 (m, 3H), 7.30 (t, 1H, J = 7.2 Hz), 7.47 (s, 1H), 7.61 (d, 1H, J = 7.2 
Hz), 7.66 (d, 2H, J = 8.0 Hz), 8.14 (br-d, 1H, J = 7.2 Hz); 13C NMR (100 MHz, CDCl3)  21.3, 22.6, 
27.9, 36.4, 46.9, 50.0, 55.1, 67.3, 67.4, 113.8 (×2), 115.1, 119.2, 119.8, 121.7, 121.7, 122.7, 124.5, 
124.9, 127.0 (×2), 127.4 (×2), 128.4, 128.7, 129.5 (×2), 131.3, 132.9, 135.7, 136.9, 143.0, 150.4, 159.2; 
IR (ATR) ν 1734, 1607, 1511, 1455, 1372, 1237, 1156, 1042, 917, 815, 764 cm-1; HRMS (ESI+) calcd 
for C34H38N2NaO6S 625.2343 (M+Na+) found 625.2348. 
 
 
White solid; melting point 43-45 °C;  
Rf 0.17 (n-hexane/EtOAc = 2/1); 
72% yield; 
 
 
1H NMR (400 MHz, CDCl3)  1.34-1.44 (m, 1H), 1.45-1.53 (m, 1H), 1.56-1.61 (m, 2H), 1.85-1.91 (m, 
2H), 2.41 (s, 3H), 3.13 (t, 2H, J = 7.2 Hz), 3.79 (s, 3H), 3.90 (d, 2H, J = 6.4 Hz), 4.90 (t, 1H, J = 6.4 
Hz), 5.77 (dt, 1H, J = 16.0, 6.4 Hz), 6.34 (d, 1H, J = 16.0 Hz), 6.80 (d, 2H, J = 8.8 Hz), 7.14 (d, 2H, J = 
8.8 Hz), 7.24 (d, 2H, J = 8.8 Hz), 7.26-7.34 (m, 2H), 7.40 (td, 1H, J = 8.0, 1.2 Hz), 7.52-7.55 (m, 2H), 
7.59-7.63 (m, 1H), 7.66-7.73 (m, 5H), 8.40 (d, 1H, J = 8.4 Hz); 13C NMR (100 MHz, CDCl3)  21.3, 
22.6, 27.9, 36.5, 46.9, 50.1, 55.1, 67.6, 113.8 (×2), 116.5, 119.8, 121.6, 123.7, 123.7, 125.0, 125.4, 
127.0 (×2), 127.4 (×2), 128.5 (×2), 128.7, 128.8, 129.0 (×2), 129.5 (×2), 131.8, 133.0, 134.3, 136.6, 
136.9, 143.0, 159.2, 168.5 IR (ATR) ν 1680, 1605, 1510, 1450, 1330, 1250, 1215, 1153, 1025, 873, 745 
cm-1; HRMS (ESI+) calcd for C37H38N2NaO5S 645.2394 (M+Na+) found 645.2413. 
 
 
White solid; melting point 50-54 °C;  
Rf 0.18 (n-hexane/EtOAc = 1.5/1); 
99% yield; 
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1H NMR (400 MHz, CDCl3)  1.26-1.35 (m, 1H), 1.40-1.45 (m, 1H), 1.57 (tt, 2H, J = 7.2, 7.2 Hz), 1.83 
(q, 2H, J = 7.2 Hz), 2.22 (s, 1H), 2.28 (s, 3H), 2.40 (s, 3H), 3.12 (t, 2H, J = 6.8 Hz), 3.77 (s, 3H), 3.77 (s, 
3H), 3.90 (d, 2H, J = 6.4 Hz), 4.80 (br-t, 1H, J = 5.6 Hz), 5.77 (dt, 1H, J = 16.0, 6.4 Hz), 6.35 (d, 1H, J 
= 16.0 Hz), 6.79 (d, 2H, J = 8.4 Hz), 6.89 (dd, 1H, J = 8.8, 2.4 Hz), 7.04 (d, 1H, J = 2.4 Hz), 7.15 (d, 2H, 
J = 8.4 Hz), 7.16 (d, 2H, J = 8.4 Hz), 7.27 (d, 2H, J = 8.4 Hz), 7.41 (s, 1H), 7.68 (d, 2H, J = 8.4 Hz), 
7.70 (d, 2H, J = 8.4 Hz), 7.84 (d, 1H, J = 8.4 Hz); 13C NMR (100 MHz, CDCl3)  21.3, 21.3, 22.5, 27.8, 
36.0, 46.9, 50.0, 55.0, 55.4, 67.3, 102.8, 113.5, 113.8 (×2), 114.3, 121.6, 123.2, 126.0, 126.5 (×2), 126.9 
(×2), 127.4 (×2), 128.7, 129.5 (×2), 129.6 (×2), 129.8, 129.9, 132.9, 134.7, 136.8, 143.0, 144.7, 156.0, 
159.2; IR (ATR) ν 1606, 1511, 1472, 1250, 1171, 1132, 977, 811, 735, 675 cm-1; HRMS (ESI+) calcd for 
C38H42N2NaO7S2 725.2326 (M+Na+) found 725.2318. 
 
 
White solid; melting point 52 °C;  
Rf 0.34 (n-hexane/EtOAc = 2/1); 
82% yield; 
 
 
1H NMR (400 MHz, CDCl3)  1.33-1.42 (m, 1H), 1.43-1.52 (m, 1H), 1.57-1.65 (m, 2H), 1.66 (s, 9H), 
1.90 (q, 2H, J = 7.2 Hz), 2.42 (s, 3H), 2.44 (s, 3H), 3.14 (t, 2H, J = 7.6 Hz), 3.79 (s, 3H), 3.92 (d, 2H, J 
= 6.8 Hz), 4.87 (br-t, 1H, J = 6.0 Hz), 5.79 (dt, 1H, J = 16.0, 6.8 Hz), 6.36 (d, 1H, J = 16.0 Hz), 6.81 (d, 
2H, J = 8.8 Hz), 7.14 (d, 1H, J = 7.6 Hz), 7.16 (d, 2H, J = 8.8 Hz), 7.28 (d, 2H, J = 8.4 Hz), 7.43 (s, 1H), 
7.46 (s, 1H), 7.70 (d, 2H, J = 8.4 Hz), 8.00 (d, 1H, J = 7.6 Hz); 13C NMR (100 MHz, CDCl3)  21.2, 
21.3, 22.7, 28.0, 28.0 (×3), 36.4, 46.9, 49.9, 55.0, 67.6, 83.3, 113.7 (×2), 114.7, 119.6, 121.6, 122.1, 
123.7, 125.6, 126.9 (×2), 127.4 (×2), 128.6, 128.7, 129.4 (×2), 131.7, 132.9, 133.9, 137.0, 142.9, 149.5, 
159.2; IR (ATR) ν 1727, 1606, 1511, 1369, 1250, 1153, 1088, 1033, 803, 748 cm-1; HRMS (ESI+) calcd 
for C36H44N2NaO6S 655.2812 (M+Na+) found 655.2840. 
 
 
White solid; melting point 31-32 °C;  
Rf 0.34 (n-hexane/EtOAc = 2/1); 
95% yield; 
 
 
1H NMR (400 MHz, CDCl3)  1.34-1.39 (m, 1H), 1.44-1.51 (m, 1H), 1.56-1.62 (m, 2H), 1.66 (s, 9H), 
1.86 (q, 2H, J = 7.2 Hz), 1.94 (br-d, 1H, J = 2.0 Hz), 2.41 (s, 3H), 3.14 (t, 2H, J = 7.2 Hz), 3.79 (s, 3H), 
3.91 (d, 2H, J = 7.2 Hz), 4.83 (br-s, 1H), 5.79 (dt, 1H, J = 16.0, 7.2 Hz), 6.36 (d, 1H, J = 16.0 Hz), 6.81 
(d, 2H, J = 8.8 Hz), 7.03 (td, 1H, J = 8.4, 1.6 Hz), 7.16 (d, 2H, J = 8.8 Hz), 7.26-7.30 (m, 3H), 7.52 (s, 
1H), 7.70 (d, 2H, J = 8.4 Hz), 8.08 (br-s, 1H); 13C NMR (100 MHz, CDCl3)  21.5, 22.8, 28.1, 28.1 (×3), 
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36.5, 47.0, 50.2, 55.2, 67.7, 84.0, 105.5 (d, J = 24.7 Hz), 112.2 (d, J = 24.8 Hz), 113.9 (×2), 116.3 (d, J = 
8.6 Hz), 121.9, 123.6 (d, J = 3.8 Hz), 123.8, 127.2 (×2), 127.6 (×2), 128.9, 129.3 (d, J = 11.4 Hz), 129.6 
(×2), 132.2, 133.1, 137.1, 143.2, 149.4, 159.0 (d, J = 238.4 Hz), 159.4; IR (ATR) ν 2934, 1732, 1607, 
1511, 1471, 1372, 1252, 1155, 1066, 803 cm-1; HRMS (ESI+) calcd for C35H41FN2NaO6S 659.2562 
(M+Na+) found 659.2560. 
 
(2-6) Preparation of Compound 40o 
 
To a stirred solution of S-24 (285 mg, 1.0 mmol) in DMF (4.5 mL) at 0 °C was added NaH (60% in oil, 
44 mg, 1.1 mmol). After being stirred for 1 h at 0 °C, cinnamyl bromide (197 mg, 1.0 mmol) and 
TBAI (37 mg, 0.1 mmol) were added to the reaction mixture at the same temperature. After being 
stirred for 2 h at 0 °C, the reaction mixture was quenched with H2O at 0 °C, and extracted 3 times 
with Et2O. The combined organic layers were washed with brine, dried over Na2SO4, filtered, and 
concentrated in vacuo. The residue was purified by silica gel column chromatography 
(n-hexane/EtOAc = 3/1) to give the desired product S-27 (375 mg, 94%) as a pale yellow oil: Rf 0.38 
(n-hexane/EtOAc = 2/1); 1H NMR (400 MHz, CDCl3)  1.59-1.61 (m, 4H), 2.29 (t, 2H, J = 6.8 Hz), 
2.40 (s, 3H), 3.16 (t, 2H, J = 6.8 Hz), 3.60 (s, 3H), 3.92 (d, 2H, J = 6.8 Hz), 5.94 (dt, 1H, J = 16.0, 6.8 
Hz), 6.44 (d, 1H, J = 16.0 Hz), 7.22-7.25 (m, 3H), 7.26-7.30 (m, 4H), 7.71 (d, 2H, J = 8.8 Hz); 13C 
NMR (100 MHz, CDCl3)  21.3, 21.7, 27.4, 33.2, 46.7, 49.9, 51.3, 123.9, 126.2 (×2), 127.0 (×2), 127.7, 
128.4 (×2), 129.5 (×2), 133.4, 135.9, 136.7, 143.1, 173.5; IR (ATR) ν 2949, 1732, 1436, 1335, 1154, 
1089, 969, 905, 815, 730, 692 cm-1; HRMS (ESI+) calcd for C22H27NNaO4S 424.1553 (M+Na+) found 
424.1558. 
 
 
To a stirred solution of S-27 (191 mg, 0.48 mmol) in toluene (2.4 mL) at -78 oC was added dropwise 
DIBAL (0.52 mL, 1.0 M in n-hexane). After being stirred for 10 min at -78 oC, the reaction mixture 
was quenched with aqueous 2 M potassium sodium tartrate at the same temperature. The solution 
was warmed to room temperature and stirred until the organic and aqueous layers were separated. 
The aqueous layer was extracted twice with EtOAc and the combined organic layers were washed 
with brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue was purified by 
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silica gel column chromatography (n-hexane/EtOAc = 2.5/1) to give the desired product S-28 (142 
mg, 80%) as a colorless oil: Rf 0.44 (n-hexane/EtOAc = 1.5/1); 1H NMR (400 MHz, CDCl3)  1.58-1.64 
(m, 4H), 2.43 (t, 2H, J = 6.8 Hz), 2.43 (s, 3H), 3.16 (t, 2H, J = 6.8 Hz), 3.94 (d, 2H, J = 6.8 Hz), 5.93 
(dt, 1H, J = 15.6, 6.8 Hz), 6.44 (d, 1H, J = 15.6 Hz), 7.24-7.32 (m, 7H), 7.72 (d, 2H, J = 8.0 Hz), 9.71 (s, 
1H); 13C NMR (100 MHz, CDCl3)  18.9, 21.4, 27.6, 43.1, 46.8, 50.1, 124.0, 126.3 (×2), 127.1 (×2), 
121.9, 128.5 (×2), 129.7 (×2), 133.7, 136.0, 136.8, 143.3, 202.0; IR (ATR) ν 1719, 1448, 1335, 1155, 
1090, 969, 924, 816, 733, 693 cm-1; HRMS (ESI+) calcd for C21H25NNaO3S 394.1447 (M+Na+) found 
394.1441. 
 
 
To a stirred solution of 3-iodo-indole derivative S-2e (108 mg, 0.27 mmol) in THF (3 mL) at 0 °C was 
added i-PrMgCl (0.14 mL, 2 M in THF, 0.27 mmol). After being stirred for 15 min, the reaction 
mixture was added S-28 (78 mg, 0.21 mmol) in THF (2.5 mL) at 0 °C. After being stirred for 20 min 
at the same temperature, the reaction mixture was quenched with saturated aqueous NH4Cl, and 
extracted twice with EtOAc. The combined organic layers were washed with brine, dried over 
Na2SO4, filtered, and concentrated in vacuo. The residue was purified by silica gel column 
chromatography (n-hexane/EtOAc = 2/1) to give the desired product 40o (101 mg, 75%) as white 
solids: melting point 27-28 °C; Rf 0.34 (n-hexane/EtOAc = 1.5/1); 1H NMR (400 MHz, CDCl3)  
1.32-1.39 (m, 1H), 1.41-1.47 (m, 1H), 1.58 (q, 2H, J = 7.2 Hz), 1.85 (q, 2H, J = 7.2 Hz), 1.91 (br-s, 1H), 
2.32 (s, 3H), 2.41 (s, 3H), 3.13 (t, 2H, J = 7.2 Hz), 3.93 (d, 2H, J = 6.8 Hz), 4.86 (br-s, 1H), 5.94 (dt, 
1H, J = 15.6, 6.8 Hz), 6.42 (d, 1H, J = 15.6 Hz), 7.19-7.24 (m, 6H), 7.26-7.33 (m, 5H), 7.47 (s, 1H), 
7.59 (d, 1H, J = 7.6 Hz), 7.70 (d, 2H, J = 8.4 Hz), 7.75 (d, 2H, J = 8.4 Hz), 7.97 (d, 1H, J = 8.4 Hz); 13C 
NMR (100 MHz, CDCl3)  21.4, 21.5, 22.7, 28.0, 36.4, 47.2, 50.1, 67.7, 113.7, 120.4, 122.6, 123.1, 
124.2, 124.8, 125.8, 126.3 (×2), 126.8 (×2), 127.1 (×2), 127.9, 128.6 (×2), 128.8, 129.7 (×2), 129.9 (×2), 
133.5, 135.1, 135.4, 136.1, 137.0, 143.2, 144.9; IR (ATR) ν 2943, 1738, 1447, 1365, 1157, 1122, 1091, 
972, 815, 748 cm-1; HRMS (ESI+) calcd for C36H38N2NaO5S2 665.2114 (M+Na+) found 665.2112. 
 
(2-7) Preparation of Compound 44 
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To a stirred solution of indole derivative S-2911 (163 mg, 0.60 mmol) in THF (4 mL) at -78 °C was 
added n-BuLi (0.37 mL, 1.64 M in n-hexane, 0.60 mmol). After being stirred for 1 h, the reaction 
mixture was added S-18b (108 mg, 0.30 mmol) in THF (4 mL) at -78 °C. After being stirred for 5 min 
at the same temperature, the reaction mixture was quenched with saturated aqueous NH4Cl, and 
extracted twice with EtOAc. The combined organic layers were washed with brine, dried over 
Na2SO4, filtered, and concentrated in vacuo. The residue was purified by silica gel column 
chromatography (n-hexane/EtOAc = 2.5/1) to give the desired product 44 (136 mg, 72%) as white 
solids: melting point 143-145 °C; Rf 0.33 (n-hexane/EtOAc = 1/1); 1H NMR (400 MHz, 55 °C, CDCl3) 
 2.29 (s, 3H), 3.04 (s, 3H), 4.26 (s, 1H), 4.27 (d, 2H, J = 7.6 Hz), 5.64 (dt, 1H, J = 15.6, 7.6 Hz), 5.87 
(s, 2H), 6.18 (d, 1H, J = 15.6 Hz), 6.33 (s, 1H), 6.38 (s, 1H), 6.41 (d, 1H, J = 8.4 Hz), 6.54 (d, 1H, J = 
8.4 Hz), 6.91 (s, 1H), 7.16 (t, 1H, J = 6.8 Hz), 7.20 (d, 2H, J = 7.6 Hz), 7.24-7.32 (m, 3H), 7.36-7.38 (m, 
2H), 7.53-7.55 (m, 1H), 7.75 (d, 2H, J = 7.6 Hz), 8.12 (d, 1H, J = 8.4 Hz); 13C NMR (100 MHz, 55 °C, 
CDCl3)  21.5, 38.5, 54.4, 65.1, 101.1, 105.7, 108.1, 112.6, 114.9, 121.1, 121.2, 121.4, 123.7, 124.8, 
126.8 (×2), 128.2, 128.9, 129.3, 129.4, 129.9, 130.0 (×2), 130.4, 134.8, 135.6, 137.5, 137.6, 142.7, 
142.8, 145.0, 147.6, 147.9; IR (ATR) ν 1489, 1448, 1338, 1251, 1149, 1090, 1038, 959, 813, 732, 677 
cm-1; HRMS (ESI+) calcd for C33H30N2NaO7S2 653.1387 (M+Na+) found 653.1409. 
 
3. Determination of the Relative Configuration of the Reaction Products 
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To a stirred solution of 43 (7.3 mg, 0.013 mmol) in CH2Cl2 (0.25 mL) at 0 °C was added Et3SiH (6.1 
μL, 0.038 mmol) and TFA (7.4 μL, 0.10 mmol). After being stirred for 19 h at the room temperature, 
the reaction mixture was concentrated in vacuo. Saturated aqueous NaHCO3 (2 mL) was added to 
the crude product dissolved in CH3CN (2 mL) at room temperature. After being stirred for 9 h at the 
same temperature, the reaction mixture was diluted with water and extracted twice with EtOAc. 
The combined organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated 
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in vacuo. The residue was purified by silica gel column chromatography  (n-hexane/EtOAc = 4/1) to 
give the desired product 46 (4.7 mg, 66%) as white solids: melting point 53-54 °C; Rf 0.47 
(n-hexane/EtOAc = 2/1); 1H NMR (400 MHz, CDCl3)  1.67 (s, 9H), 2.41 (dd, 1H, J = 14.0, 9.2 Hz), 
2.47 (s, 3H), 2.53-2.58 (m, 1H), 2.71 (dd, 1H, J = 14.0, 4.4 Hz), 3.09-3.14 (m, 2H), 3.35 (t, 1H, J = 9.2 
Hz), 3.51 (dd, 1H, J = 9.2, 7.6 Hz), 3.78 (s, 3H), 3.79 (t, 1H, J = 9.2 Hz), 6.77 (d, 2H, J = 8.4 Hz), 6.92 
(d, 2H, J = 8.4 Hz), 7.17 (t, 1H, J = 8.4 Hz), 7.23 (d, 1H, J = 8.4 Hz), 7.30-7.33 (m, 4H), 7.69 (d, 2H, J 
= 7.6 Hz), 8.09 (br-d, 1H, J = 8.4 Hz); 13C NMR (100 MHz, CDCl3)  21.6, 28.2 (×3), 37.2, 40.8, 45.9, 
52.8, 53.1, 55.3, 83.9, 113.9 (×2), 115.5, 119.0, 122.5, 122.5, 124.6, 127.5 (×2), 129.4, 129.6 (×2), 129.7 
(×2), 131.1, 132.6, 133.6, 135.6, 143.6, 149.6, 158.2; IR (ATR) ν 1731, 1512, 1453, 1372, 1248, 1158, 
1090, 1034, 747, 665 cm-1; HRMS (ESI+) calcd for C32H36N2NaO5S 583.2237 (M+Na+) found 
583.2240. 
 
The relative configuration of the major isomer of 7-membered ring-fused polycyclic indole derivative 
41f was determined by using NOE experiments. We could not determine the relative configuration 
of the minor diastereomer (= second major isomer) of 41f, however, because the 
diastereomerically-enriched sample could not be prepared for NOE experiments. Among the four 
possible diastereomers, the product with a cis-cis relative stereochemistry on the 5-membered ring 
core would be the most thermodynamically unstable isomer. Consequently, the minor diastereomer 
has a trans configuration in the ring junction moiety. As discussed in the transition state model for 
the major diastereomer (main text, Figure 2), allylic strain should be also participated in the 
conformational stability of the transition state for the minor isomer. 12 Transition state TS-A with 
minimum allylic strain would be favored in the second C-C bond formation process. Therefore we 
assumed that the minor diastereomer would be an epimer of the benzylic position in the ring 
junction moiety. 
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1. General Procedure for the Acid-Promoted Skeletal Rearrangement and Product 
Characterizations 
 
General Procedure: To a stirred solution of 55 (0.1 mmol) in CH2Cl2 (0.5 mL) at 0 oC was added TFA 
(0.5 mL, 3.0 M in CH2Cl2, 1.5 mmol). After being stirred for required time at 0 oC, the reaction 
mixture was concentrated in vacuo. Saturated aqueous NaHCO3 (2 mL) was added to the crude 
product dissolved in CH3CN (2 mL) at room temperature. After being stirred for required time at 
the same temperature, the reaction mixture was diluted with water and extracted twice with 
EtOAc. The combined organic layers were washed with brine, dried over Na2SO4, filtered, and 
concentrated in vacuo. The residue was purified by silica gel column chromatography to give the 
desired products 56. 
 
 
Major isomer; 
White solid (melting point 171 °C);  
Rf 0.33 (n-hexane/EtOAc = 2/1); 
82% yield; 
 
1H NMR (400 MHz, CDCl3)  1.82-1.87 (m, 2H), 2.03 (td, 1H, J = 9.6, 2.4 Hz), 2.29-2.37 (m, 1H), 2.44 
(t, 1H, J = 11.6 Hz), 2.45 (s, 3H), 2.70 (td, 1H, J = 10.8, 6.4 Hz), 3.53 (dd, 1H, J = 11.6, 2.4 Hz), 3.80 (s, 
3H), 3.85 (d, 1H, J = 12.8 Hz), 4.50 (s, 1H), 6.88 (d, 2H, J = 8.8 Hz), 7.20 (d, 2H, J = 7.2 Hz), 7.15 (d, 
2H, J = 8.8 Hz), 7.24 (t, 1H, J = 7.6 Hz), 7.30-7.37 (m, 4H), 7.56 (d, 2H, J = 7.6 Hz); 13C NMR (100 
MHz, CDCl3)  21.5, 33.5, 43.4, 44.9, 46.8, 47.8, 55.3, 71.7, 114.3 (×2), 125.0 (×2), 127.4, 127.7 (×2), 
128.4 (×2), 128.4 (×2), 129.6 (×2), 133.3, 135.4, 142.5, 143.4, 158.4; IR (ATR) ν 1512, 1334, 1244, 
1158, 1099, 1022, 957, 815, 735, 702, 674 cm-1; HRMS (ESI+) calcd for C26H29NNaO4S 474.1710 
(M+Na+) found 474.1753. 
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Minor isomer; 1H NMR (400 MHz, CDCl3)  1.88 (br-d, 1H, J = 10.0 Hz), 2.02 (br-s, 1H), 2.34 (dd, 1H, 
J = 12.0, 3.6 Hz), 2.40-2.46 (m, 1H), 2.44 (s, 3H), 2.78-2.83 (m, 2H), 3.63 (br-s, 1H), 3.81 (s, 3H), 3.87 
(d, 1H, J = 11.6 Hz), 4.01 (d, 1H, J = 10.4 Hz), 4.67 (s, 1H), 6.87 (d, 2H, J = 8.4 Hz), 7.11 (d, 2H, J = 
7.6 Hz), 7.18-7.20 (m, 3H), 7.28 (d, 2H, J = 7.6 Hz), 7.33 (d, 2H, J = 8.4 Hz), 7.64 (d, 2H, J = 8.4 Hz); 
13C NMR (100 MHz, CDCl3)  21.5, 27.0, 43.2, 45.2, 47.1, 47.2, 55.2, 73.5, 113.9 (×2), 125.7 (×2), 
126.7, 128.1 (×2), 128.2 (×2), 128.6 (×2), 129.7 (×2), 131.2, 133.9, 144.1, 144.1, 158.3; IR (ATR) ν 
1512, 1339, 1249, 1163, 1092, 1033, 949, 817, 715 cm-1; HRMS (ESI+) calcd for C26H29NNaO4S 
474.1710 (M+Na+) found 474.1720. 
 
 
Major isomer; 
White solid (melting point 92-94 °C);  
Rf 0.27 (n-hexane/EtOAc = 2/1); 
68% yield; 
 
1H NMR (400 MHz, CDCl3)  1.70 (br-s, 1H), 1.79-1.84 (m, 2H), 2.03 (br-t, 1H, J = 10.4 Hz), 
2.28-2.35 (m, 1H), 2.43 (t, 1H, J = 11.6 Hz), 2.44 (s, 3H), 2.66 (td, 1H, J = 10.4, 6.0 Hz), 3.53 (dd, 1H, 
J = 11.6, 1.6 Hz), 3.85 (d, 1H, J = 11.6 Hz), 4.48 (s, 1H), 5.42 (s, 1H), 6.80 (d, 2H, J = 8.0 Hz), 7.07 (d, 
2H, J = 8.8 Hz), 7.09 (d, 2H, J = 8.0 Hz), 7.23 (t, 1H, J = 7.2 Hz), 7.28-7.32 (m, 4H), 7.54 (d, 2H, J = 
7.6 Hz); 13C NMR (100 MHz, CDCl3)  21.5, 33.4, 43.3, 44.9, 46.7, 47.8, 71.7, 115.7 (×2), 125.0 (×2), 
127.4, 127.6 (×2), 128.4 (×2), 128.6 (×2), 129.6 (×2), 133.1, 135.3, 142.4, 143.5, 154.5; IR (ATR) ν 
1515, 1329, 1155, 1095, 1021, 957, 816, 737, 702, 676 cm-1; HRMS (ESI+) calcd for C25H27NNaO4S 
460.1553 (M+Na+) found 460.1595. 
 
 
Major isomer; 
White solid (melting point 164 °C);  
Rf 0.29 (n-hexane/EtOAc = 3/1); 
91% yield; 
 
1H NMR (400 MHz, CDCl3)  1.81-1.87 (m, 2H), 2.03 (br-t, 1H, J = 10.0 Hz), 2.27-2.36 (m, 1H), 2.43 
(t, 1H, J = 11.6 Hz), 2.44 (s, 3H), 2.66 (td, 1H, J = 10.8, 6.4 Hz), 3.53 (d, 1H, J = 11.6 Hz), 3.85 (d, 1H, 
J = 11.2 Hz), 4.49 (s, 1H), 5.05 (s, 2H), 6.95 (d, 2H, J = 8.8 Hz), 7.11 (d, 2H, J = 7.6 Hz), 7.14 (d, 2H, J 
= 8.8 Hz), 7.24 (t, 1H, J = 7.2 Hz), 7.25-7.44 (m, 9H), 7.56 (d, 2H, J = 7.6 Hz); 13C NMR (100 MHz, 
CDCl3)  21.5, 33.4, 43.4, 44.9, 46.7, 47.7, 70.0, 71.7, 115.1 (×2), 125.0 (×2), 127.4, 127.5 (×2), 127.7 
(×2), 128.0, 128.4 (×2), 128.5 (×2), 128.6 (×2), 129.6 (×2), 133.2, 135.7, 136.9, 142.4, 143.4, 157.6; IR 
(ATR) ν 1510, 1335, 1234, 1158, 1100, 1022, 957, 815, 734, 699, 675 cm-1; HRMS (ESI+) calcd for 
C32H33NNaO4S  550.2023 (M+Na+) found 550.1999. 
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Major isomer; 
White solid (melting point 42 °C);  
Rf 0.40 (n-hexane/EtOAc = 3/1); 
95% yield; 
 
1H NMR (400 MHz, CDCl3)  0.20 (s, 6H), 0.98 (s, 9H), 1.82-1.87 (m, 2H), 1.98-2.04 (m, 1H), 
2.29-2.35 (m, 1H), 2.43 (t, 1H, J = 12.0 Hz), 2.45 (s, 3H), 2.67 (td, 1H, J = 11.2, 5.6 Hz), 3.54 (dd, 1H, 
J = 12.0, 2.4 Hz), 3.85 (d, 1H, J = 11.2 Hz), 4.47 (s, 1H), 6.81 (d, 2H, J = 7.6 Hz), 7.07 (d, 2H, J = 8.4 
Hz), 7.10 (d, 2H, J = 7.6 Hz), 7.25 (t, 1H, J = 7.6 Hz), 7.30-7.32 (m, 4H), 7.56 (d, 2H, J = 7.6 Hz); 13C 
NMR (100 MHz, CDCl3)  -4.43 (×2), 18.1, 21.5, 25.6 (×3), 33.3, 43.4, 44.9, 46.7, 47.8, 71.6, 120.3 (×2), 
125.0 (×2), 127.3, 127.7 (×2), 128.4 (×2), 128.4 (×2), 129.6 (×2), 133.2, 136.0, 142.5, 143.3, 154.4; IR 
(ATR) ν 1509, 1254, 1160, 1094, 910, 837, 781, 735, 701, 675 cm-1; HRMS (ESI+) calcd for 
C31H41NNaO4SSi  574.2418 (M+Na+) found 574.2465. 
 
 
Major isomer; 
White solid (melting point 182-187 °C);  
Rf 0.24 (n-hexane/EtOAc = 3/1); 
98% yield; 
 
1H NMR (400 MHz, CDCl3)  1.45 (br-s, 1H), 1.85 (s, 3H), 1.85-1.94 (m, 3H), 2.34 (td, 1H, J = 10.8, 
4.0 Hz), 2.46 (s, 3H), 2.50 (t, 1H, J = 11.6 Hz), 2.73 (td, 1H, J = 11.2, 5.6 Hz), 3.55 (d, 1H, J = 11.6 Hz), 
3.80 (s, 3H), 3.88 (d, 1H, J = 10.8 Hz), 4.60 (s, 1H), 6.87 (d, 2H, J = 8.4 Hz), 7.05 (d, 1H, J = 7.6 Hz), 
7.15 (t, 1H, J = 7.6 Hz), 7.16 (d, 2H, J = 8.4 Hz), 7.23 (t, 1H, J = 7.6 Hz), 7.33 (d, 2H, J = 8.0 Hz), 7.35 
(d, 1H, J = 7.6 Hz), 7.57 (d, 2H, J = 8.0 Hz); 13C NMR (100 MHz, CDCl3)  18.5, 21.5, 33.0, 43.4, 44.8, 
45.3, 46.8, 55.3, 68.7, 114.0 (×2), 125.2, 125.9, 127.2, 127.7 (×2), 128.6, 129.6 (×2), 130.7 (×2), 133.2, 
133.8, 135.2, 140.2, 143.4, 158.5; IR (ATR) ν 1513, 1330, 1249, 1156, 1021, 951, 829, 753, 675 cm-1; 
HRMS (ESI+) calcd for C27H31NNaO4S 488.1866 (M+Na+) found 488.1913. 
 
 
Major isomer; 
White solid (melting point 136 °C);  
Rf 0.24 (n-hexane/EtOAc = 3/1); 
92% yield; 
 
1H NMR (400 MHz, CDCl3)  1.82-1.88 (m, 2H), 2.03 (tt, 1H, J = 11.2, 3.2 Hz), 2.30-2.36 (m, 1H), 
2.34 (s, 3H), 2.42 (t, 1H, J = 11.6 Hz), 2.45 (s, 3H), 2.67 (td, 1H, J = 10.8, 7.2 Hz), 3.53 (d, 1H, J = 11.6 
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Hz), 3.80 (s, 3H), 3.85 (d, 1H, J = 10.8 Hz), 4.45 (s, 1H), 6.87 (s, 1H), 6.88 (d, 2H, J = 8.4 Hz), 6.93 (d, 
1H, J = 8.0 Hz), 7.05 (d, 1H, J = 8.0 Hz), 7.15 (d, 2H, J = 8.4 Hz), 7.21 (t, 1H, J = 8.0 Hz), 7.32 (d, 2H, 
J = 8.0 Hz), 7.57 (d, 2H, J = 8.0 Hz); 13C NMR (100 MHz, CDCl3)  21.5, 21.5, 33.5, 43.3, 45.0, 46.8, 
47.7, 55.3, 71.7, 114.2 (×2), 122.1, 125.8, 127.7 (×2), 128.2, 128.3, 128.4 (×2), 129.6 (×2), 133.3, 135.4, 
138.0, 142.4, 143.4, 158.4; IR (ATR) ν 1512, 1335, 1244, 1158, 1100, 1024, 828, 765, 706, 677 cm-1; 
HRMS (ESI+) calcd for C27H31NNaO4S 488.1866 (M+Na+) found 488.1914.  
 
 
Major isomer; 
White solid (melting point 81-83 °C);  
Rf 0.24 (n-hexane/EtOAc = 3/1); 
99% yield; 
 
1H NMR (400 MHz, CDCl3)  1.63 (br-s, 1H), 1.80-1.85 (m, 2H), 1.95-2.02 (m, 1H), 2.27-2.32 (m, 1H), 
2.32 (s, 3H), 2.43 (t, 1H, J = 11.6 Hz), 2.44 (s, 3H), 2.67 (td, 1H, J = 11.6, 7.2 Hz), 3.54 (dd, 1H, J = 
11.6, 2.4 Hz), 3.78 (s, 3H), 3.82 (dd, 1H, J = 11.6, 2.0 Hz), 4.44 (s, 1H), 6.87 (d, 2H, J = 8.4 Hz), 6.98 
(d, 2H, J = 8.4 Hz), 7.10 (d, 2H, J = 8.4 Hz), 7.13 (d, 2H, J = 8.4 Hz), 7.31 (d, 2H, J = 8.4 Hz), 7.56 (d, 
2H, J = 8.4 Hz); 13C NMR (100 MHz, CDCl3)  21.0, 21.5, 33.4, 43.2, 44.9, 46.7, 47.7, 55.2, 71.5, 114.1 
(×2), 124.9 (×2), 127.6 (×2), 128.4 (×2), 129.0 (×2), 129.6 (×2), 133.1, 135.4, 136.8, 139.4, 143.3, 158.3; 
IR (ATR) ν 1512, 1334, 1243, 1158, 1098, 1022, 957, 828, 735, 702, 673 cm-1; HRMS (ESI+) calcd for 
C27H31NNaO4S 488.1866 (M+Na+) found 488.1868. 
 
 
Major isomer; 
White solid (melting point 194 °C);  
Rf 0.19 (n-hexane/EtOAc = 3/1); 
91% yield; 
 
1H NMR (400 MHz, CDCl3)  1.70 (br-s, 1H), 1.79-1.85 (m, 2H), 1.95-2.01 (m, 1H), 2.36-2.43 (m, 1H), 
2.39 (s, 3H), 2.62 (t, 1H, J = 11.6 Hz), 2.80 (td, 1H, J = 11.6, 3.6 Hz), 3.47 (dd, 1H, J = 11.6, 3.6 Hz), 
3.83 (s, 3H), 3.85 (d, 1H, J = 11.6 Hz), 5.16 (s, 1H), 6.95 (d, 2H, J = 8.8 Hz), 7.08 (d, 1H, J = 8.0 Hz), 
7.14 (d, 2H, J = 8.0 Hz), 7.21 (d, 2H, J = 8.8 Hz), 7.30 (t, 1H, J = 7.2 Hz), 7.41-7.48 (m, 4H), 7.56 (d, 
1H, J = 7.2 Hz), 7.74 (d, 1H, J = 7.6 Hz), 7.84 (d, 1H, J = 7.6 Hz); 13C NMR (100 MHz, CDCl3)  21.5, 
32.6, 43.5, 45.3, 45.5, 46.7, 55.3, 68.5, 114.1 (×2), 122.4, 122.7, 125.1, 125.4, 125.8, 127.5 (×2), 128.0, 
128.8, 129.0, 129.5 (×2), 129.6 (×2), 133.7, 133.7, 135.3, 137.9, 143.2, 158.7; IR (ATR) ν 1512, 1333, 
1244, 1157, 1099, 1032, 800, 781, 736, 682 cm-1; HRMS (ESI+) calcd for C30H31NNaO4S 524.1866 
(M+Na+) found 524.1867. 
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Major isomer; 
White solid (melting point 172 °C);  
Rf 0.19 (n-hexane/EtOAc = 3/1); 
95% yield; 
 
1H NMR (400 MHz, CDCl3)  1.78 (br-s, 1H), 1.85-1.90 (m, 2H), 2.12-2.17 (m, 1H), 2.33-2.40 (m, 1H), 
2.43 (s, 3H), 2.49 (t, 1H, J = 12.0 Hz), 2.75 (td, 1H, J = 10.8, 6.8 Hz), 3.51 (dd, 1H, J = 12.0, 2.0 Hz), 
3.79 (s, 3H), 3.86 (d, 1H, J = 11.6 Hz), 4.63 (s, 1H), 6.90 (d, 2H, J = 8.0 Hz), 7.17 (d, 1H, J = 6.8 Hz), 
7.18 (d, 2H, J = 8.0 Hz), 7.26 (d, 2H, J = 8.0 Hz), 7.46-7.52 (m, 4H), 7.60 (s, 1H), 7.77-7.83 (m, 3H); 
13C NMR (100 MHz, CDCl3)  21.5, 33.5, 43.4, 45.0, 46.7, 47.6, 55.3, 71.8, 114.3 (×2), 123.3, 123.6, 
125.8, 126.2, 127.7 (×2), 127.7, 127.8, 128.2, 128.5 (×2), 129.6 (×2), 132.8, 133.2, 133.3, 135.4, 139.9, 
143.3, 158.4; IR (ATR) ν 1511, 1334, 1244, 1158, 1098, 1023, 951, 811, 734, 685 cm-1; HRMS (ESI+) 
calcd for C30H31NNaO4S 524.1866 (M+Na+) found 524.1867. 
 
 
Major isomer; 
White solid (melting point 70 °C);  
Rf 0.48 (n-hexane/EtOAc = 3/1); 
83% yield; 
 
1H NMR (400 MHz, CDCl3)  0.17 (s, 3H), 0.26 (s, 3H), 0.98 (s, 9H), 1.79 (dd, 1H, J = 12.8, 3.6 Hz), 
1.95-2.01 (m, 2H), 2.34 (td, 1H, J = 11.2, 2.4 Hz), 2.43 (t, 1H, J = 12.0 Hz), 2.45 (s, 3H), 2.77 (br-s, 
1H), 3.20 (td, 1H, J = 11.2, 3.2 Hz), 3.45 (dd, 1H, J = 12.0, 2.4 Hz), 3.96 (d, 1H, J = 11.2 Hz), 4.39 (s, 
1H), 6.85 (dd, 1H, J = 7.6, 0.8 Hz), 7.04 (dd, 1H, J = 7.2, 6.4,  Hz), 7.10-7.14 (m, 3H), 7.18-7.21 (m, 
2H), 7.23-7.32 (m, 4H), 7.57 (d, 2H, J = 8.4 Hz); 13C NMR (100 MHz, CDCl3)  -4.41, -3.88, 18.3, 21.5, 
25.8 (×3), 31.7, 45.4, 46.8, 48.5, 48.5, 71.6, 119.5, 122.8, 125.1 (×2), 127.0, 127.4, 127.5, 127.6 (×2), 
128.2 (×2), 129.6 (×2), 133.3, 133.9, 141.3, 143.2, 152.9; IR (ATR) ν 1489, 1339, 1253, 1162, 1091, 897, 
838, 738, 701, 675 cm-1; HRMS (ESI+) calcd for C31H41NNaO4SSi  574.2418 (M+Na+) found 
574.2433. 
 
 
Major isomer; 
White solid (melting point 134 °C);  
Rf 0.35 (n-hexane/EtOAc = 2/1); 
55% yield; 
 
1H NMR (400 MHz, CDCl3)  0.92 (s, 3H), 1.06 (s, 3H), 1.74-1.92 (m, 2H), 2.07 (t, 1H, J = 11.6 Hz), 
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2.13 (td, 1H, J = 10.0, 2.8 Hz), 2.29 (td, 1H, J = 11.2, 2.8 Hz), 2.38 (td, 1H, J = 11.2, 4.0 Hz), 2.46 (s, 
3H), 3.77 (s, 3H), 3.85 (d, 1H, J = 11.6 Hz), 4.12 (d, 1H, J = 10.0 Hz), 6.84 (d, 2H, J = 7.6 Hz), 7.08 (d, 
2H, J = 7.6 Hz), 7.35 (d, 2H, J = 8.0 Hz), 7.69 (d, 2H, J = 8.0 Hz); 13C NMR (100 MHz, CDCl3)  21.5, 
27.5, 28.3, 35.2, 43.7, 46.6, 48.1, 50.7, 55.2, 72.7, 114.4 (×2), 127.7 (×2), 128.6 (×2), 129.7 (×2), 133.2, 
136.3, 143.5, 158.5; IR (ATR) ν 1511, 1333, 1263, 1160, 1095, 1034, 952, 816, 743, 655 cm-1; HRMS 
(ESI+) calcd for C22H29NNaO4S 426.1710 (M+Na+) found 426.1735. 
 
 
Major isomer; 
White solid (melting point 53 °C);  
Rf 0.21 (n-hexane/EtOAc = 3/1); 
88% yield; 
1H NMR (400 MHz, CDCl3)  2.09 (br-s, 1H), 2.37-2.43 (m, 1H), 2.45 (s, 3H), 3.11 (q, 1H, J = 8.8 Hz), 
3.17 (t, 1H, J = 8.8 Hz), 3.31 (dd, 1H, J = 9.6, 8.4 Hz), 3.49 (dd, 1H, J = 9.6, 8.8 Hz), 3.62 (t, 1H, J = 
8.8 Hz), 3.74 (s, 3H), 4.43 (d, 1H, J = 2.4 Hz), 6.73 (d, 2H, J = 8.4 Hz), 6.88 (d, 2H, J = 8.4 Hz), 7.10 (d, 
2H, J = 7.6 Hz), 7.18-7.25 (m, 3H), 7.32 (d, 2H, J = 7.6 Hz), 7.69 (d, 2H, J = 7.6 Hz); 13C NMR (100 
MHz, CDCl3)  21.5, 45.2, 48.3, 55.3, 54.9, 55.2, 72.3, 114.0 (×2), 125.6 (×2), 127.6 (×2), 127.7, 128.4 
(×2), 128.4 (×2), 129.6 (×2), 131.8, 133.4, 142.6, 143.4, 158.4; IR (ATR) ν 1513, 1338, 1247, 1158, 
1030, 815, 738, 702, 661 cm-1; HRMS (ESI+) calcd for C25H27NNaO4S 460.1553 (M+Na+) found 
460.1588. 
 
2. Substrate Synthesis and Compound Characterizations 
(2-1) Preparation of Compounds 55a, 55e, 55f, 55g, 55h and 55i 
 
To a stirred solution of -alanine (5.0 g, 56 mmol) dissolved in 93 mL of 1.5 M aqueous NaOH at 
room temperature was added dropwise TsCl (10.7 g, 56 mmol) in Et2O (56 mL). After being stirred 
for 5 h, the reaction mixture was extracted twice with water and the combined aqueous layers were 
acidified with concentrated HCl (until pH = 2). The aqueous layer was extracted twice with EtOAc. 
The combined organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated 
in vacuo. EDC (11.8 g, 62 mmol) was added to a stirred solution of the crude product, 
MeONHMe·HCl (6.0 g, 62 mmol) and NMM (6.8 mL, 62 mmol) in CH2Cl2 (170 mL) at 0 oC. After 13 
h, the reaction mixture was quenched with 1M aqueous KHSO4 at room temperature, and extracted 
twice with CH2Cl2. The combined organic layers were washed with water, saturated aqueous 
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NaHCO3 and brine, dried over Na2SO4, filtered, and concentrated in vacuo. The desired product 51 
(12.3 g, 77% in 2 steps) was purely obtained without a further purification: white solid : melting 
point 105 oC; Rf 0.08 (n-hexane/EtOAc = 2/1); 1H NMR (400 MHz, CDCl3)  2.42 (s, 3H), 2.66 (t, 2H, 
J = 6.0 Hz), 3.14 (s, 3H), 3.19 (q, 2H, J = 6.0 Hz), 3.63 (s, 3H), 5.59 (t, 1H, J = 6.0 Hz), 7.30 (d, 2H, J = 
8.4 Hz), 7.75 (d, 2H, J = 8.4 Hz); 13C NMR (100 MHz, CDCl3)  21.4, 31.7, 31.8, 38.7, 61.1, 126.9 (×2), 
129.6 (×2), 137.0, 143.2, 172.3; IR (ATR) ν 1638, 1391, 1324, 1158, 1091, 1036, 998, 822, 734, 661 
cm-1; HRMS (ESI+) calcd for C12H18N2NaO4S 309.0879 (M+Na+) found 309.0834. 
 
 
To a stirred solution of 51 (1.15 g, 4.0 mmol) in THF (30 mL) at 0 oC was added NaH (60% in oil, 176 
mg, 4.4 mmol). After being stirred for 30 min at 0 oC, PMBCl (0.6 mL, 4.4 mmol) and TBAI (148 mg, 
0.4 mmol) were added to the reaction mixture at the same temperature. After being stirred for 4 h 
at 60 oC, the reaction mixture was quenched with saturated aqueous NH4Cl at room temperature, 
and extracted twice with EtOAc. The combined organic layers were washed with brine, dried over 
Na2SO4, filtered, and concentrated in vacuo. The residue was purified by silica gel column 
chromatography (n-hexane/EtOAc = 1.5/1) to give the desired product 52 (1.27 g, 78%) as white 
solids: melting point 88 oC; Rf 0.30 (n-hexane/EtOAc = 1/1); 1H NMR (400 MHz, CDCl3)  2.40 (s, 
3H), 2.50 (t, 2H, J = 7.6 Hz), 3.06 (s, 3H), 3.36 (t, 2H, J = 7.6 Hz), 3.51 (s, 3H), 3.78 (s, 3H), 4.26 (s, 
2H), 6.83 (d, 2H, J = 7.2 Hz), 7.22 (d, 2H, J = 7.2 Hz), 7.31 (d, 2H, J = 6.8 Hz), 7.73 (d, 2H, J = 6.8 
Hz); 13C NMR (100 MHz, CDCl3)  21.4, 31.8, 32.1, 44.0, 52.6, 55.2, 61.0, 113.9 (×2), 127.1 (×2), 128.2, 
129.7 (×2), 129.8 (×2), 136.4, 143.3, 159.2, 171.9; IR (ATR) ν 1656, 1512, 1335, 1247, 1156, 1092, 
1032, 987, 917, 815, 738 cm-1; HRMS (ESI+) calcd for C20H26N2NaO5S 429.1455 (M+Na+) found 
429.1478.  
 
 
To a stirred solution of 52 (1.10 g, 2.7 mmol) in CH2Cl2 (10 mL) at -78 oC was added dropwise DIBAL 
(3.0 mL, 1.0 M in n-hexane). After being stirred for 10 min at -78 oC, the reaction mixture was 
quenched with aqueous 2 M potassium sodium tartrate at the same temperature. The solution was 
warmed to room temperature and stirred until the organic and aqueous layers were separated. The 
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aqueous layer was extracted twice with EtOAc and the combined organic layers were washed with 
brine, dried over Na2SO4, filtered, and concentrated in vacuo. Ph3PCHCO2Et (1.82 g, 5.2 mmol) was 
added to a stirred solution of the crude product in CH2Cl2 (30 mL) at room temperature. After 12 h, 
the reaction mixture was concentrated in vacuo. The residue was purified by silica gel column 
chromatography (n-hexane/EtOAc = 3/1) to give the desired product 53 (980 mg, 87% in 2 steps) as a 
colorless oil: Rf 0.52 (n-hexane/EtOAc = 2/1); 1H NMR (400 MHz, CDCl3) 1.22 (t, 3H, J = 6.8 Hz), 
2.20 (q, 2H, J = 7.2 Hz), 2.40 (s, 3H), 3.17 (t, 2H, J = 7.2 Hz), 3.74 (s, 3H), 4.11 (q, 2H, J = 6.8 Hz), 
4.24 (s, 2H), 5.61 (d, 1H, J = 16.0 Hz), 6.65 (dt, 1H, J = 16.0, 7.2 Hz), 6.82 (d, 2H, J = 6.8 Hz), 7.19 (d, 
2H, J = 6.8 Hz), 7.31 (d, 2H, J = 7.2 Hz), 7.72 (d, 2H, J = 7.2 Hz); 13C NMR (100 MHz, CDCl3)  13.7, 
20.9, 31.1, 46.0, 51.5, 54.6, 59.6, 113.5 (×2), 122.6, 126.6 (×2), 127.5, 129.3 (×2), 129.3 (×2), 136.1, 
142.9, 144.2, 158.9, 165.4; IR (ATR) ν 1714, 1512, 1335, 1247, 1155, 1090, 1034, 815, 740 cm-1; 
HRMS (ESI+) calcd for C22H27NNaO5S 440.1502 (M+Na+) found 440.1500. 
 
 
To a stirred solution of 53 (980 mg, 2.4 mmol) in CH2Cl2 (20 mL) at -78 oC was added dropwise 
DIBAL (5.6 mL, 1.0 M in n-hexane). After being stirred for 10 min at -78 oC, the reaction mixture 
was quenched with aqueous 2 M potassium sodium tartrate at the same temperature. The solution 
was warmed to room temperature and stirred until the organic and aqueous layers were separated. 
The aqueous layer was extracted twice with EtOAc and the combined organic layers were washed 
with brine, dried over Na2SO4, filtered, and concentrated in vacuo. MnO2 (4.90 g) was added to a 
stirred solution of the crude product in CH2Cl2 (20 mL) at room temperature. After 4 h, the reaction 
mixture was filtered through a pad of Celite and concentrated in vacuo. The residue was purified by 
silica gel column chromatography (n-hexane/EtOAc = 2.5/1) to give the desired product 54 (720 mg, 
82% in 2 steps) as white solids: melting point 111 oC; Rf 0.28 (n-hexane/EtOAc = 2/1); 1H NMR (400 
MHz, CDCl3)  2.33 (q, 2H, J = 7.2 Hz), 2.45 (s, 3H), 3.20 (t, 2H, J = 7.2 Hz), 3.81 (s, 3H), 4.22 (s, 2H), 
5.87 (dd, 1H, J = 15.6, 7.6 Hz), 6.48 (dt, 1H, J = 15.6, 7.2 Hz), 6.85 (d, 2H, J = 8.4 Hz), 7.19 (d, 2H, J 
= 8.4 Hz), 7.34 (d, 2H, J = 8.4 Hz), 7.73 (d, 2H, J = 8.4 Hz), 9.31 (d, 1H, J = 7.6 Hz); 13C NMR (100 
MHz, CDCl3)  21.5, 32.2, 46.5, 52.5, 55.2, 114.1 (×2), 127.2 (×2), 127.7, 129.8 (×2), 129.9 (×2), 134.0, 
136.1, 143.6, 154.1, 159.5, 193.6; IR (ATR) ν 1686, 1611, 1512, 1335, 1248, 1156, 1092, 1033, 816, 
739 cm-1; HRMS (ESI+) calcd for C20H23NNaO4S 396.1240 (M+Na+) found 396.1234. 
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General Procedure: To a stirred suspension of Mg (26 mg, 1.1 mmol) in THF (1.5 mL) at room 
temperature was added arylbromide (1.1 mmol). After being stirred for 2 h at the same temperature, 
54 (100 mg, 0.27 mmol) in THF (3 mL) was added to the reaction mixture at 0 oC. After being stirred 
for 10 min at the same temperature, the reaction mixture was quenched with water, and extracted 
twice with EtOAc. The combined organic layers were washed with brine, dried over Na2SO4, filtered, 
and concentrated in vacuo. The residue was purified by silica gel column chromatography to give 
the desired product 55. 
 
Colorless oil;  
Rf 0.24 (n-hexane/EtOAc = 2/1); 
89% yield; 
 
 
1H NMR (400 MHz, CDCl3)  2.04 (td, 2H, J = 7.2, 4.8 Hz), 2.41 (s, 3H), 3.12 (td, 2H, J = 7.2, 4.4 Hz), 
3.74 (s, 3H), 4.21 (s, 2H), 5.03 (d, 1H, J = 2.4 Hz), 5.46-5.49 (m, 2H), 6.78 (d, 2H, J = 8.4 Hz), 7.13 (d, 
2H, J = 8.4 Hz), 7.22-7.33 (m, 7H), 7.69 (d, 2H, J = 8.4 Hz); 13C NMR (100 MHz, CDCl3)  21.4, 31.1, 
47.2, 51.4, 55.1, 74.5, 113.8 (×2), 126.0 (×2), 127.0 (×2), 127.3, 127.8, 128.0, 128.3 (×2), 129.5 (×2), 
129.6 (×2), 134.7, 136.9, 142.6, 143.1, 159.1; IR (ATR) ν 1611, 1512, 1453, 1334, 1247, 1155, 1090, 
1032, 815, 743, 701, 656 cm-1; HRMS (ESI+) calcd for C26H29NNaO4S 474.1710 (M+Na+) found 
474.1755. 
 
 
Colorless oil;  
Rf 0.18 (n-hexane/EtOAc = 3/1); 
85% yield; 
 
 
1H NMR (400 MHz, CDCl3)  2.05 (td, 2H, J = 7.2, 2.4 Hz), 2.13 (br-s, 1H), 2.25 (s, 3H), 2.41 (s, 3H), 
3.12 (td, 2H, J = 7.2, 1.6 Hz), 3.75 (s, 3H), 4.18 (d, 1H, J = 15.2 Hz), 4.23 (d, 1H, J = 15.2 Hz), 5.22 (d, 
1H, J = 2.4 Hz), 5.43-5.46 (m, 2H), 6.77 (d, 2H, J = 7.6 Hz), 7.09-7.21 (m, 5H), 7.28 (d, 2H, J = 8.4 Hz), 
7.40 (d, 1H, J = 7.2 Hz), 7.69 (d, 2H, J = 8.4 Hz); 13C NMR (100 MHz, CDCl3)  19.0, 21.4, 31.2, 47.3, 
51.5, 55.1, 71.3, 113.8 (×2), 125.4, 126.1, 127.0 (×2), 127.2, 127.9, 128.1, 129.6 (×2), 129.6 (×2), 130.3, 
133.8, 134.9, 136.9, 140.7, 143.2, 159.1; IR (ATR) ν 1611, 1512, 1457, 1334, 1247, 1155, 1090, 1033, 
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815, 742, 656 cm-1; HRMS (ESI+) calcd for C27H31NNaO4S 488.1866 (M+Na+) found 488.1892. 
 
 
 
Pale yellow oil;  
Rf 0.18 (n-hexane/EtOAc = 3/1); 
91% yield; 
 
1H NMR (400 MHz, CDCl3)  2.05 (br-t, 2H, J = 6.8 Hz), 2.22 (br-s, 1H), 2.33 (s, 3H), 2.41 (s, 3H), 
3.12 (td, 2H, J = 6.8, 4.4 Hz), 3.75 (s, 3H), 4.22 (s, 2H), 5.00 (d, 1H, J = 2.4 Hz), 5.47-5.51 (m, 2H), 
6.79 (d, 2H, J = 8.0 Hz), 7.06 (d, 1H, J = 7.2 Hz), 7.08 (d, 1H, J = 7.2 Hz), 7.13 (s, 1H), 7.14 (d, 2H, J = 
8.0 Hz), 7.20 (t, 1H, J = 7.2 Hz), 7.28 (d, 2H, J = 7.6 Hz), 7.70 (d, 2H, J = 7.6 Hz); 13C NMR (100 MHz, 
CDCl3)  21.3, 21.4, 31.1, 47.2, 51.4, 55.1, 74.6, 113.8 (×2), 123.1, 126.7, 127.0 (×2), 127.7, 128.0, 
128.1, 128.2, 129.6 (×2), 129.6 (×2), 134.7, 136.9, 138.0, 142.8, 143.1, 159.1; IR (ATR) ν 1610, 1511, 
1332, 1246, 1154, 1090, 1032, 814, 740, 702 cm-1; HRMS (ESI+) calcd for C27H31NNaO4S 488.1866 
(M+Na+) found 488.1893. 
 
 
Colorless oil;  
Rf 0.18 (n-hexane/EtOAc = 3/1); 
97% yield; 
 
1H NMR (400 MHz, CDCl3)  2.03 (td, 2H, J = 7.2, 5.6 Hz), 2.31 (s, 3H), 2.40 (s, 3H), 3.12 (td, 2H, J = 
7.2, 4.4 Hz), 3.74 (s, 3H), 4.21 (s, 2H), 4.98 (d, 1H, J = 5.2 Hz), 5.41-5.51 (m, 2H), 6.78 (d, 2H, J = 7.2 
Hz), 7.10-7.18 (m, 6H), 7.27 (d, 2H, J = 8.4 Hz), 7.69 (d, 2H, J = 8.4 Hz); 13C NMR (100 MHz, CDCl3) 
 21.0, 21.3, 31.1, 47.1, 51.4, 55.1, 74.4, 113.8 (×2), 126.0 (×2), 127.0 (×2), 127.5, 128.0, 128.9 (×2), 
129.5 (×2), 129.6 (×2), 134.8, 136.9, 137.0, 139.9, 143.1, 159.1; IR (ATR) ν 1611, 1511, 1333, 1246, 
1154, 1089, 1031, 813, 739, 656 cm-1; HRMS (ESI+) calcd for C27H31NNaO4S 488.1866 (M+Na+) 
found 488.1874. 
 
 
Colorless oil;  
Rf 0.28 (n-hexane/EtOAc = 2/1); 
99% yield; 
 
1H NMR (400 MHz, CDCl3)  2.03 (q, 2H, J = 7.2 Hz), 2.38 (s, 3H), 3.12 (td, 2H, J = 6.8, 4.4 Hz), 3.72 
(s, 3H), 4.18 (s, 2H), 5.53-5.67 (m, 2H), 5.75 (d, 1H, J = 5.6 Hz), 6.73 (d, 2H, J = 8.0 Hz), 7.08 (d, 2H, 
J = 8.8 Hz), 7.24 (d, 2H, J = 8.0 Hz), 7.41-7.50 (m, 3H), 7.57 (d, 1H, J = 6.8 Hz), 7.66 (d, 2H, J = 8.0 
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Hz), 7.76 (d, 1H, J = 8.4 Hz), 7.84 (d, 1H, J = 6.8 Hz), 8.06 (d, 1H, J = 7.2 Hz); 13C NMR (100 MHz, 
CDCl3)  21.4, 31.2, 47.2, 51.5, 55.1, 71.6, 113.8 (×2), 123.5, 123.7, 125.4, 125.5, 126.0, 127.0 (×2), 
128.0, 128.1, 128.5, 128.7, 129.6 (×2), 129.6 (×2), 130.4, 133.7, 134.1, 137.0, 138.4, 143.2, 159.1; IR 
(ATR) ν 1611, 1511, 1332, 1246, 1154, 1089, 1032, 801, 778, 734 cm-1; HRMS (ESI+) calcd for 
C30H31NNaO4S 524.1866 (M+Na+) found 524.1871. 
 
 
Colorless oil;  
Rf 0.28 (n-hexane/EtOAc = 2/1); 
97% yield; 
 
1H NMR (400 MHz, CDCl3)  2.03 (td, 2H, J = 7.2, 5.2 Hz), 2.36 (s, 3H), 3.12 (td, 2H, J = 7.2, 4.0 Hz), 
3.68 (s, 3H), 4.18 (s, 2H), 5.17 (d, 1H, J = 4.4 Hz), 5.50-5.53 (m, 2H), 6.73 (d, 2H, J = 8.4 Hz), 7.10 (d, 
2H, J = 8.4 Hz), 7.21 (d, 2H, J = 8.4 Hz), 7.37-7.45 (m, 3H), 7.67 (d, 2H, J = 8.4 Hz), 7.73-7.79 (m, 
4H); 13C NMR (100 MHz, CDCl3)  21.3, 31.1, 47.2, 51.4, 55.1, 74.6, 113.8 (×2), 113.9, 124.4, 125.7, 
125.9, 127.0 (×2), 127.5, 127.8, 128.0, 128.1, 129.5 (×2), 129.6 (×2), 129.7, 132.7, 133.1, 134.6, 136.8, 
140.3, 143.1, 159.0; IR (ATR) ν 1611, 1511, 1332, 1246, 1154, 1089, 1031, 815, 737 cm-1; HRMS 
(ESI+) calcd for C30H31NNaO4S 524.1866 (M+Na+) found 524.1864. 
 
(2-2) Preparation of Compounds 55d and 55j 
 
General Procedure: To a stirred solution of 51 (859 mg, 3.0 mmol) in THF (15 mL) at 0 oC was added 
NaH (60% in oil, 132 mg, 3.3 mmol). After being stirred for 30 min at 0 oC, S-301 (1.12 g, 4.0 mmol) 
in THF (5 mL) and TBAI (111 mg, 0.3 mmol) were added to the reaction mixture at the same 
temperature. After being stirred for 1 h at 60 oC, the reaction mixture was quenched with saturated 
aqueous NH4Cl at room temperature, and extracted twice with EtOAc. The combined organic layers 
were washed with brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue was 
purified by silica gel column chromatography (n-hexane/EtOAc = 2/1) to give the desired product 
S-31. 
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White solid (melting point 80-85 °C);  
Rf 0.25 (n-hexane/EtOAc = 2/1); 
83% yield; 
 
 
1H NMR (400 MHz, CDCl3)  0.15 (s, 6H), 0.94 (s, 9H), 2.40 (s, 3H), 2.49 (t, 2H, J = 7.6 Hz), 3.03 (s, 
3H), 3.34 (t, 2H, J = 7.6 Hz), 3.49 (s, 3H), 4.23 (s, 2H), 6.74 (d, 2H, J = 8.4 Hz), 7.14 (d, 2H, J = 8.4 
Hz), 7.28 (d, 2H, J = 8.4 Hz), 7.69 (d, 2H, J = 8.4 Hz); 13C NMR (100 MHz, CDCl3)  -4.56 (×2), 18.1, 
21.4, 25.5 (×3), 31.8, 32.1, 44.0, 52.6, 61.0, 120.0 (×2), 127.1 (×2), 128.9, 129.6 (×2), 129.7 (×2), 136.3, 
143.2, 155.3, 171.9; IR (ATR) ν 1660, 1509, 1337, 1253, 1157, 1092, 909, 814, 780, 735 cm-1; HRMS 
(ESI+) calcd for C25H38N2NaO5SSi 529.2163 (M+Na+) found 529.2154.  
 
 
Pale yellow oil;  
Rf 0.25 (n-hexane/EtOAc = 2/1); 
96% yield; 
 
1H NMR (400 MHz, CDCl3)  0.20 (s, 6H), 0.92 (s, 9H), 2.42 (s, 3H), 2.56 (t, 2H, J = 7.6 Hz), 3.04 (s, 
3H), 3.35 (t, 2H, J = 7.6 Hz), 3.49 (s, 3H), 4.37 (s, 2H), 6.76 (d, 1H, J = 8.0 Hz), 6.91 (t, 1H, J = 8.0 
Hz), 7.12 (t, 1H, J = 8.0 Hz), 7.31 (d, 2H, J = 8.4 Hz), 7.36 (d, 1H, J = 8.0 Hz), 7.73 (d, 2H, J = 8.4 Hz); 
13C NMR (100 MHz, CDCl3)  -4.42 (×2), 18.0, 21.3, 25.5 (×3), 31.7, 31.9, 44.3, 47.2, 60.9, 118.3, 
121.1, 126.3, 127.1 (×2), 128.3, 129.5 (×2), 129.7, 135.7, 143.1, 153.2, 171.7; IR (ATR) ν 1661, 1490, 
1339, 1253, 1159, 1092, 917, 826, 781, 721 cm-1; HRMS (ESI+) calcd for C25H38N2NaO5SSi 529.2163 
(M+Na+) found 529.2180.  
 
 
General Procedure: To a stirred solution of S-31 (1.22 g, 2.5 mmol) in CH2Cl2 (15 mL) at -78 oC was 
added dropwise DIBAL (3.6 mL, 1.0 M in n-hexane). After being stirred for 5 min at -78 oC, the 
reaction mixture was quenched with aqueous 2 M potassium sodium tartrate at the same 
temperature. The solution was warmed to room temperature and stirred until the organic and 
aqueous layers were separated. The aqueous layer was extracted twice with EtOAc and the 
combined organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated in 
vacuo. Ph3PCHCO2Et (1.30 g, 3.6 mmol) was added to a stirred solution of the crude product in 
CH2Cl2 (15 mL) at room temperature. After 12 h, the reaction mixture was concentrated in vacuo. 
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The residue was purified by silica gel column chromatography (n-hexane/EtOAc = 6/1) to give the 
desired product S-32. 
 
White solid (melting point 36 °C);  
Rf 0.28 (n-hexane/EtOAc = 3/1); 
58% yield (2 steps); 
 
 
1H NMR (400 MHz, CDCl3)  0.19 (s, 6H), 0.98 (s, 9H), 1.27 (t, 3H, J = 7.2 Hz), 2.20 (td, 2H, J = 7.6, 
7.2 Hz), 2.45 (s, 3H), 3.17 (t, 2H, J = 7.6 Hz), 4.15 (q, 2H, J = 7.2 Hz), 4.24 (s, 2H), 5.63 (d, 1H, J = 
15.6 Hz), 6.66 (dt, 1H, J = 15.6, 7.2 Hz), 6.78 (d, 2H, J = 8.4 Hz), 7.13 (d, 2H, J = 8.4 Hz), 7.33 (d, 2H, 
J = 8.4 Hz), 7.72 (d, 2H, J = 8.4 Hz); 13C NMR (100 MHz, CDCl3)  -4.46 (×2), 14.2, 18.2, 21.5, 25.6 
(×3), 31.6, 46.3, 52.0, 60.2, 120.3 (×2), 123.1, 127.2 (×2), 128.5, 129.7 (×2), 129.8 (×2), 136.6, 143.4, 
144.5, 155.5, 166.1; IR (ATR) ν 1717, 1509, 1338, 1254, 1157, 1091, 1043, 909, 838, 781 cm-1; HRMS 
(ESI+) calcd for C27H39NNaO5SSi 540.2210 (M+Na+) found 540.2162. 
 
Pale yellow oil;  
Rf 0.33 (n-hexane/EtOAc = 3/1); 
56% yield (2 steps); 
E : Z = 10 : 1; 
 
1H NMR (400 MHz, CDCl3)  0.20 (s, 6H), 0.92 (s, 9H), 1.26 (t, 3H, J = 7.2 Hz), 2.20 (q, 2H, J = 7.6 
Hz), 2.45 (s, 3H), 3.17 (t, 2H, J = 7.6 Hz), 4.14 (q, 2H, J = 7.6 Hz), 4.35 (s, 2H), 5.52 (d, 1H, J = 16.0 
Hz), 6.64 (dt, 1H, J = 16.0, 7.6 Hz), 6.78 (d, 1H, J = 7.6 Hz), 6.94 (t, 1H, J = 7.6 Hz), 7.15 (t, 1H, J = 
7.6 Hz), 7.33 (d, 2H, J = 8.4 Hz), 7.35 (d, 1H, J = 7.6 Hz), 7.73 (d, 2H, J = 8.4 Hz); 13C NMR (100 MHz, 
CDCl3)  -4.22 (×2), 14.2, 18.2, 21.5, 25.7 (×3), 31.6, 46.7, 46.9, 60.2, 118.5, 121.5, 123.1, 126.2, 127.2 
(×2), 128.7, 129.7 (×2), 130.2, 136.1, 143.4, 144.6, 153.3, 166.1; IR (ATR) ν 1718, 1490, 1454, 1341, 
1253, 1159, 1042, 916, 826, 757 cm-1; HRMS (ESI+) calcd for C27H39NNaO5SSi 540.2210 (M+Na+) 
found 540.2173. 
 
 
General Procedure: To a stirred solution of S-32 (843 mg, 1.6 mmol) in CH2Cl2 (10 mL) at -78 oC was 
added dropwise DIBAL (4.4 mL, 1.0 M in n-hexane). After being stirred for 10 min at -78 oC, the 
reaction mixture was quenched with aqueous 2 M potassium sodium tartrate at the same 
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temperature. The solution was warmed to room temperature and stirred until the organic and 
aqueous layers were separated. The aqueous layer was extracted twice with EtOAc and the 
combined organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated in 
vacuo. MnO2 (4.0 g) was added to a stirred solution of the crude product in CH2Cl2 (10 mL) at room 
temperature. After 6 h, the reaction mixture was filtered through a pad of Celite and concentrated 
in vacuo. The residue was purified by silica gel column chromatography (n-hexane/EtOAc = 2.5/1) to 
give the desired product S-33. 
 
White solid (melting point 77 °C);  
Rf 0.38 (n-hexane/EtOAc = 3/1); 
81% yield (2 steps); 
 
 
1H NMR (400 MHz, CDCl3)  0.19 (s, 6H), 0.98 (s, 9H), 2.20 (q, 2H, J = 7.2 Hz), 2.45 (s, 3H), 3.22 (t, 
2H, J = 7.2 Hz), 4.22 (s, 2H), 5.89 (dd, 1H, J = 15.6, 8.0 Hz), 6.52 (dt, 1H, J = 15.6, 7.2 Hz), 6.79 (d, 
2H, J = 8.4 Hz), 7.14 (d, 2H, J = 8.4 Hz), 7.34 (d, 2H, J = 8.0 Hz), 7.72 (d, 2H, J = 8.0 Hz), 9.34 (d, 1H, 
J = 8.0 Hz); 13C NMR (100 MHz, CDCl3)  -4.48 (×2), 18.2, 21.5, 25.6 (×3), 32.2, 46.4, 52.5, 120.3 (×2), 
127.2 (×2), 128.4, 129.8 (×2), 129.8 (×2), 134.1, 136.2, 143.6, 154.0, 155.6, 193.6; IR (ATR) ν 2930, 
1691, 1509, 1338, 1256, 1158, 911, 839, 781 cm-1; HRMS (ESI+) calcd for C25H35NNaO4SSi 496.1948 
(M+Na+) found 496.1927. 
 
 
Colorless oil 
Rf 0.33 (n-hexane/EtOAc = 3/1); 
quant. (2 steps); 
E : Z = 10 : 1; 
 
1H NMR (400 MHz, CDCl3)  0.20 (s, 6H), 0.90 (s, 9H), 2.20 (q, 2H, J = 7.2 Hz), 2.45 (s, 3H), 3.21 (t, 
2H, J = 7.2 Hz), 4.33 (s, 2H), 5.84 (dd, 1H, J = 15.6, 7.6 Hz), 6.49 (dt, 1H, J = 15.6, 7.2 Hz), 6.78 (d, 
1H, J = 7.6 Hz), 6.94 (t, 1H, J = 7.6 Hz), 7.16 (t, 1H, J = 7.6 Hz), 7.34 (d, 2H, J = 7.6 Hz), 7.37 (d, 1H, 
J = 7.6 Hz), 7.73 (d, 2H, J = 7.6 Hz), 9.34 (d, 1H, J = 7.6 Hz); 13C NMR (100 MHz, CDCl3)  -4.31 (×2), 
18.1, 21.4, 25.6 (×3), 32.2, 46.7, 46.8, 118.6, 121.5, 125.9, 127.1 (×2), 128.9, 129.7 (×2), 130.6, 133.9, 
135.6, 143.5, 153.3, 154.2, 193.5; IR (ATR) ν 1691, 1490, 1454, 1339, 1253, 1158, 916, 826, 781 cm-1; 
HRMS (ESI+) calcd for C25H35NNaO4SSi 496.1948 (M+Na+) found 496.1932. 
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General Procedure: To a stirred suspension of Mg (73 mg, 3.0 mmol) in THF (5 mL) at room 
temperature was added bromobenzene (0.32 mL, 3.0 mmol). After being stirred for 2 h at the same 
temperature, S-33 (474 mg, 1.0 mmol) in THF (5 mL) was added to the reaction mixture at 0 oC. 
After being stirred for 5 min at the same temperature, the reaction mixture was quenched with 
water, and extracted twice with EtOAc. The combined organic layers were washed with brine, dried 
over Na2SO4, filtered, and concentrated in vacuo. The residue was purified by silica gel column 
chromatography (n-hexane/EtOAc = 4/1) to give the desired product 55. 
 
 
Colorless oil 
Rf 0.33 (n-hexane/EtOAc = 3/1); 
84% yield; 
 
1H NMR (400 MHz, CDCl3)  0.17 (s, 6H), 0.97 (s, 9H), 2.02-2.08 (m, 3H), 2.42 (s, 3H), 3.08-3.18 (m, 
2H), 4.19 (d, 1H, J = 14.8 Hz), 4.23 (d, 1H, J = 14.8 Hz), 5.05 (d, 1H, J = 3.6 Hz), 5.49-5.51 (m, 2H), 
6.73 (d, 2H, J = 8.4 Hz), 7.08 (d, 2H, J = 8.4 Hz), 7.24-7.36 (m, 7H), 7.70 (d, 2H, J = 8.0 Hz); 13C NMR 
(100 MHz, CDCl3)  -4.47 (×2), 18.2, 21.5, 25.6 (×3), 31.2, 47.3, 51.6, 74.7, 120.1 (×2), 126.1 (×2), 
127.1 (×2), 127.5, 128.0, 128.4 (×2), 128.7, 129.6 (×2), 129.7 (×2), 134.7, 137.1, 142.8, 143.2, 155.3; IR 
(ATR) ν 2929, 1607, 1508, 1335, 1254, 1155, 1090, 909, 838, 780, 698 cm-1; HRMS (ESI+) calcd for 
C31H41NNaO4SSi 574.2418 (M+Na+) found 574.2458. 
 
 
Pale yellow oil 
Rf 0.25 (n-hexane/EtOAc = 3/1); 
79% yield; 
 
1H NMR (400 MHz, CDCl3)  0.18 (s, 6H), 0.91 (s, 9H), 2.08 (q, 2H, J = 7.2 Hz), 2.43 (s, 3H), 
3.08-3.20 (m, 2H), 4.33 (s, 2H), 5.03 (br-s, 1H), 5.48-5.50 (m, 2H), 6.74 (d, 1H, J = 8.0 Hz), 6.89 (t, 1H, 
J = 8.0 Hz), 7.12 (t, 1H, J = 8.0 Hz), 7.25-7.34 (m, 8H), 7.72 (d, 2H, J = 8.0 Hz); 13C NMR (100 MHz, 
CDCl3)  -4.19 (×2), 18.2, 21.5, 25.7 (×3), 31.3, 46.5, 48.1, 74.8, 118.4, 121.4, 126.1 (×2), 126.6, 127.2 
(×2), 127.5, 128.2, 128.4 (×2), 128.4, 129.6 (×2), 130.0, 134.6, 136.6, 142.8, 143.2, 153.2; IR (ATR) ν 
1490, 1453, 1337, 1252, 1156, 1090, 916, 825, 756, 699 cm-1; HRMS (ESI+) calcd for 
C31H41NNaO4SSi 574.2418 (M+Na+) found 574.2456. 
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(2-3) Preparation of Compound 55b 
 
To a stirred solution of 55d (281 mg, 0.51 mmol) and AcOH (32 μL, 0.56 mmol) in THF (5 mL) at 0 oC 
was added TBAF (0.56 mL, 1.0 M in THF). After being stirred for 5 min at 0 oC, the reaction 
mixture was quenched with water, and extracted twice with EtOAc. The combined organic layers 
were washed with brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue was 
purified by silica gel column chromatography (n-hexane/EtOAc = 1/1) to give the desired product 
55b (205 mg, 92%) as white amorphous solids: Rf 0.17 (n-hexane/EtOAc = 2/1); 1H NMR (400 MHz, 
CDCl3)  2.03-2.08 (m, 2H), 2.43 (s, 3H), 3.14 (q, 2H, J = 6.8 Hz), 4.21 (s, 2H), 5.06 (d, 1H, J = 4.4 Hz), 
5.17 (s, 1H), 5.48-5.50 (m, 2H), 6.74 (d, 2H, J = 8.4 Hz), 7.10 (d, 2H, J = 8.4 Hz), 7.29-7.36 (m, 7H), 
7.71 (d, 2H, J = 8.4 Hz); 13C NMR (100 MHz, CDCl3)  21.3, 31.0, 47.1, 51.5, 74.6, 115.4 (×2), 126.1 
(×2), 126.9 (×2), 127.2, 127.4, 128.0, 128.3 (×2), 129.6 (×2), 129.6 (×2), 134.3, 136.4, 142.4, 143.3, 
155.8; IR (ATR) ν 3428, 1614, 1516, 1451, 1331, 1154, 1090, 973, 816, 748, 700, 657 cm-1; HRMS 
(ESI+) calcd for C25H27NNaO4S 460.1553 (M+Na+) found 460.1750. 
 
(2-4) Preparation of Compound 55c 
 
To a stirred solution of 55b (100 mg, 0.23 mmol) and BnBr (33 μL, 0.28 mmol) in DMF (1 mL) at 0 oC 
was added K2CO3 (63.6 mg, 0.46 mmol). After being stirred for 12 h at room temperature, the 
reaction mixture was quenched with water, and extracted twice with Et2O. The combined organic 
layers were washed with brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue 
was purified by silica gel column chromatography (n-hexane/EtOAc = 3/1) to give the desired 
product 55c (108 mg, 89%) as a colorless oil: Rf 0.17 (n-hexane/EtOAc = 3/1); 1H NMR (400 MHz, 
CDCl3)  2.03 (td, 2H, J = 7.2, 4.4 Hz), 2.30 (br-s, 1H), 2.39 (s, 3H), 3.12 (td, 2H, J = 7.2, 4.0 Hz), 4.20 
(s, 2H), 4.99 (s, 2H), 5.01 (d, 1H, J = 2.8 Hz), 5.46-5.58 (m, 2H), 6.86 (d, 2H, J = 8.8 Hz), 7.13 (d, 2H, 
J = 8.8 Hz), 7.20-7.40 (m, 12H), 7.68 (d, 2H, J = 8.4 Hz); 13C NMR (100 MHz, CDCl3)  21.4, 31.1, 
47.2, 51.4, 69.8, 74.5, 114.7 (×2), 126.0 (×2), 127.0 (×2), 127.4 (×2), 127.4, 127.8, 127.9, 128.3 (×2), 
128.3, 128.4 (×2), 129.6 (×2), 129.6 (×2), 134.7, 136.7, 136.9, 142.8, 143.1, 158.3; IR (ATR) ν 1610, 
1510, 1453, 1333, 1240, 1154, 1016, 815, 742, 698, 656 cm-1; HRMS (ESI+) calcd for C32H33NNaO4S 
550.2023 (M+Na+) found 550.1994. 
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(2-5) Preparation of Compound 55k 
 
To a stirred solution of 53 (100 mg, 0.24 mmol) in THF (2 mL) at 0 oC was added MeMgBr (1.0 mL, 
1.0 M in THF). After being stirred for 10 min at 0 oC, the reaction mixture was quenched with water, 
and extracted twice with EtOAc. The combined organic layers were washed with brine, dried over 
Na2SO4, filtered, and concentrated in vacuo. The residue was purified by silica gel column 
chromatography (n-hexane/EtOAc = 2/1) to give the desired product 55k (62 mg, 64%) as a colorless 
oil: Rf 0.28 (n-hexane/EtOAc = 2/1); 1H NMR (400 MHz, CDCl3)  1.23 (s, 6H), 2.04 (q, 2H, J = 7.2 
Hz), 2.43 (s, 3H), 3.12 (t, 2H, J = 7.2 Hz), 3.79 (s, 3H), 4.24 (s, 2H), 5.36 (dt, 1H, J = 16.0, 7.2 Hz), 
5.47 (d, 1H, J = 16.0 Hz), 6.83 (d, 2H, J = 8.4 Hz), 7.17 (d, 2H, J = 8.4 Hz), 7.31 (d, 2H, J = 8.0 Hz) , 
7.72 (d, 2H, J = 8.0 Hz); 13C NMR (100 MHz, CDCl3)  21.4, 29.5 (×2), 31.1, 47.4, 51.4, 55.2, 70.4, 
113.9 (×2), 122.9, 127.1 (×2), 128.1, 129.6 (×2), 129.7 (×2), 137.1, 140.3, 143.2, 159.2; IR (ATR) ν 1611, 
1512, 1333, 1246, 1153, 1033, 815, 740, 656 cm-1; HRMS (ESI+) calcd for C22H29NNaO4S 426.1710 
(M+Na+) found 426.1729. 
 
(2-6) Preparation of Compound 55l 
 
To a stirred solution of S-102 (3.50 g, 12.0 mmol) in THF (60 mL) at 0 oC was added NaH (60% in oil, 
528 mg, 13.2 mmol). After being stirred for 30 min at 0 oC, methyl 4-bromocrotonate (1.7 mL, 14.4 
mmol) and TBAI (443 mg, 1.2 mmol) were added to the reaction mixture at the same temperature. 
After being stirred for 18 h at room temperature, the reaction mixture was quenched with water at 
room temperature, and extracted twice with EtOAc. The combined organic layers were washed with 
brine, dried over Na2SO4, filtered, and concentrated in vacuo. DIBAL (24.0 mL, 1.0 M in n-hexane) 
was added to a stirred solution of the crude product in CH2Cl2 (40 mL) -78 oC. After being stirred for 
1 h at -78 oC, the reaction mixture was quenched with aqueous 2 M potassium sodium tartrate at 
the same temperature. The solution was warmed to room temperature and stirred until the organic 
and aqueous layers were separated. The aqueous layer was extracted twice with EtOAc and the 
combined organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated in 
vacuo. The residue was purified by silica gel column chromatography (n-hexane/EtOAc = 1/1) to 
give the desired product S-34 (3.38 g, 78% in 2 steps) as a pale yellow oil: Rf 0.09 (n-hexane/EtOAc = 
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2/1); 1H NMR (400 MHz, CDCl3)  2.43 (s, 3H), 3.71 (d, 2H, J = 6.0 Hz), 3.78 (s, 3H), 3.96 (d, 2H, J = 
6.0 Hz), 4.25 (s, 2H), 5.36 (dt, 1H, J = 15.6, 6.0 Hz), 5.56 (dt, 1H, J = 15.6, 6.0 Hz), 6.82 (d, 2H, J = 
8.8 Hz), 7.15 (d, 2H, J = 8.8 Hz), 7.31 (d, 2H, J = 8.0 Hz) , 7.72 (d, 2H, J = 8.0 Hz); 13C NMR (100 
MHz, CDCl3)  21.4, 48.2, 50.0, 55.2, 62.5, 113.8 (×2), 125.5, 127.2 (×2), 127.9, 129.6 (×2), 129.8 (×2), 
133.7, 137.2, 143.3, 159.1; IR (ATR) ν 1611, 1511, 1329, 1246, 1152, 1090, 1032, 907, 814, 740 cm-1; 
HRMS (ESI+) calcd for C19H23NNaO4S 384.1240 (M+Na+) found 384.1262. 
 
 
To a stirred solution of S-34 (3.30 g, 9.1 mmol) in CH2Cl2 (10 mL) at room temperature was added 
MnO2 (23.1 g). After being stirred for 6 h at the same temperature, the reaction mixture was filtered 
through a pad of Celite and concentrated in vacuo. The residue was purified by silica gel column 
chromatography (n-hexane/EtOAc = 2/1) to give the desired product S-35 (2.70 g, 82%) as white 
solids: melting point 68-70 oC; Rf 0.25 (n-hexane/EtOAc = 2/1); 1H NMR (400 MHz, CDCl3)  2.45 (s, 
3H), 3.77 (s, 3H), 3.91 (d, 2H, J = 6.0 Hz), 4.26 (s, 2H), 5.87 (dd, 1H, J = 15.6, 7.6 Hz), 6.43 (dt, 1H, J 
= 15.6, 6.0 Hz), 6.81 (d, 2H, J = 8.8 Hz), 7.12 (d, 2H, J = 8.8 Hz), 7.34 (d, 2H, J = 8.0 Hz), 7.73 (d, 2H, 
J = 8.0 Hz), 9.31 (d, 1H, J = 7.6 Hz); 13C NMR (100 MHz, CDCl3)  21.4, 47.9, 51.5, 55.1, 114.0 (×2), 
126.9, 127.1 (×2), 129.8 (×2), 130.0 (×2), 133.3, 136.2, 143.8, 151.2, 159.5, 192.6; IR (ATR) ν 1686, 
1511, 1335, 1246, 1155, 1091, 1031, 905, 814, 734 cm-1; HRMS (ESI+) calcd for C19H21NNaO4S 
382.1083 (M+Na+) found 382.1050. 
 
 
To a stirred suspension of Mg (21 mg, 0.84 mmol) in THF (1 mL) at room temperature was added 
bromobenzene (88 μL, 0.84 mmol). After being stirred for 2 h at the same temperature, S-35 (100 
mg, 0.28 mmol) in THF (4 mL) was added to the reaction mixture at 0 oC. After being stirred for 10 
min at the same temperature, the reaction mixture was quenched with water, and extracted twice 
with EtOAc. The combined organic layers were washed with brine, dried over Na2SO4, filtered, and 
concentrated in vacuo. The residue was purified by silica gel column chromatography 
(n-hexane/EtOAc = 2/1) to give the desired product 55l (113 mg, 92%) as a colorless oil: Rf 0.23 
(n-hexane/EtOAc = 2/1); 1H NMR (400 MHz, CDCl3)  2.08 (br-s, 1H), 2.42 (s, 3H), 3.70 (d, 2H, J = 
6.8 Hz), 3.76 (s, 3H), 4.17 (d, 1H, J = 14.0 Hz) , 4.25 (d, 1H, J = 14.0 Hz), 5.00 (d, 1H, J = 6.0 Hz), 
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5.41 (dt, 1H, J = 15.2, 6.8 Hz), 5.57 (dd, 1H, J = 15.2, 6.0 Hz), 6.77 (d, 2H, J = 8.0 Hz), 7.08 (d, 2H, J 
= 8.0 Hz), 7.20 (d, 2H, J = 6.8 Hz), 7.26-7.33 (m, 5H), 7.69 (d, 2H, J = 8.4 Hz); 13C NMR (100 MHz, 
CDCl3)  21.5, 48.2, 50.1, 55.2, 74.0, 113.8 (×2), 125.2, 126.0 (×2), 127.1 (×2), 127.6, 127.7, 128.4 (×2) , 
129.7 (×2) , 129.7 (×2), 136.8, 137.1, 142.2, 143.2, 159.1; IR (ATR) ν 1511, 1332, 1246, 1154, 1091, 
908, 815, 742, 701, 656 cm-1; HRMS (ESI+) calcd for C25H27NNaO4S 460.1553 (M+Na+) found 
460.1544. 
 
3. Determination of the Relative Configuration of the Reaction Adducts 
 
To a stirred solution of 56b (19.8 mg, 0.045 mmol) and pyridine (11 μL, 0.14 mmol) in CH3CN (4 mL) 
at 0 oC was added PhI(OCOCF3)2 (23.2 mg, 0.054 mmol). After being stirred for 2 h at room 
temperature, the reaction mixture was quenched with water, and extracted twice with EtOAc. The 
combined organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated in 
vacuo. The residue was purified by silica gel column chromatography (n-hexane/EtOAc = 2.5/1) to 
give the desired product 58 (13.0 mg, 66%) as white solids: melting point 62 oC; Rf 0.45 
(n-hexane/EtOAc = 1/1); 1H NMR (400 MHz, CDCl3)  1.37 (qd, 1H, J = 12.4, 4.8 Hz), 1.51 (dd, 1H, J 
= 12.4, 10.8 Hz), 1.57-1.58 (m, 1H), 1.79 (td, 1H, J = 12.4, 3.2 Hz), 2.05 (td, 1H, J = 12.4, 3.2 Hz), 
2.38 (s, 3H), 2.66 (tdd, 1H, J = 12.4, 8.8, 3.2 Hz), 3.91 (br-dd, 1H, J = 12.4, 4.8 Hz), 4.00 (dd, 1H, J = 
10.8, 3.2 Hz), 5.52 (d, 1H, J = 8.8 Hz), 6.26 (d, 1H, J = 10.4 Hz), 6.32 (d, 1H, J = 10.4 Hz), 6.85 (dd, 
1H, J = 10.4, 2.8 Hz), 6.98 (dd, 1H, J = 10.4, 2.8 Hz), 7.22-7.38 (m, 7H), 7.50 (d, 2H, J = 8.0 Hz); 13C 
NMR (100 MHz, CDCl3)  21.5, 24.3, 45.2, 46.0, 48.7, 49.4, 80.0, 81.1, 125.3 (×2), 127.2 (×2), 127.9, 
128.5 (×2), 129.4, 129.7 (×2), 130.2, 133.8, 138.8, 143.7, 145.9, 148.9, 185.2; IR (ATR) ν 1668, 1337, 
1160, 1090, 1018, 953, 907, 857, 816, 734, 699 cm-1; HRMS (ESI+) calcd for C25H26NO4S 436.1577 
(M+H+) found 436.1614. 
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